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Total collision cross sections have been measured for neon atoms with energies between 500 and 2100 ev 
scattered in room temperature neon. The experimental results have been treated to obtain potential energy 
information for the interaction of two neon atoms. The analytical relation, which may be represented by 


V (r) =5.00 X 10-/r9- erg 


for r between 1.76A and 2.13 A, is consistent with the potential, valid at larger separation distances, 
which has been derived from measurements of gaseous compressibility, viscosity, and crystal properties. 





HE present investigation of the scattering of high 

velocity neon atoms in room temperature neon 
is one of a series of experimental determinations of 
intermolecular forces at close distances of interaction. 
Potential energy functions have recently been obtained 
for two systems of like particles, helium-helium,! and 
argon-argon,? and for the corresponding system of 
unlike particles, helium-argon.? Experimental and 
calculation procedures have been given in detail in 
the helium paper. 

As previously, a wide detector and a narrow detector 
(geometric apertures, 13.4 and 0.96 minutes, respec- 
tively) were used to obtain total collision cross sections 
as a function of energy. The results are shown in Table 
I where the experimental cross sections, 8, and S,, at 
a given beam energy E, are compared with smoothed 
values, S,, and S,, calculated from the following 
equations, obtained by the method of least squares: 


logS»= —0.20894 logE—0.78400, (1) 
logS n= —0.19205 logE—0.59617, (2) 


where S,, and S,, are in A? and E£, in erg. The percentage 
deviations are referred to the experimental values. 
The results in Table I are shown in Fig. 1 where the 


smooth curves have been computed from Egs. (1) 
and (2). 


*Present address: Department of Chemistry, Pennsylvania 
tate University, State College, Pennsylvania. 
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If the form of the interaction potential is assumed 
to be V(r)=K/r*, it can be shown that the index s, 
and the constant K are obtainable from the slope and 
intercept, respectively, of Eq. (1) or Eq. (2). For the 
wide detector, s=2/0.20894=9.57 and for the narrow 
detector, s=2/0.19205=10.41. The intercepts are 
related to K through the expressions 


— 0.78400 = logr (KC)?/9-57(6,,—/9-57) 4,, (3) 
— 0.59617 = logr(KC)?/941 (9,210.41), (4) 
where C=7'I'(s/2+34)/I'(s/2). The expressions 


(0.;?/9-57),, and (6,;?/19-41),, may be regarded as equiva- 


TABLE I. Summary of collision cross section results. 








Narrow detector 


Percent 
deviation 


—1.0 
—0.1 
+2.0 
—0.3 
+1.3 
—0.1 
—12 


Wide detector 


a Sw Percent Sn Sn 
A? A? deviation A? A? 


13.12 13.08 +0.3 14.01 14.15 
12.69 12.59 +0.8 13.64 13.66 
12.32 12.19 +1.1 13.54 13.27 
11.99 11.86 +1.1 12.89 12.93 
11.49 11.57 —0.7 12.81 12.64 
11.14 11.32 —1.6 12.38 12.39 
10.97 10.89 . 12.01 12.16 
10.77 10.89 11.92 11.96 —0.3 
10.56 10.71 11.68 11.78 —0.9 
10.42 10.55 11.61 11.61 0.0 
10.44 10.40 11.48 11.46 +0.2 
10.28 10.26 11.31 11.32 —0.1 
10.22 10.13 12 61D +0.4 
10.10 10.01 11.04 11.07 —0.3 
9.94 9.90 10.95 10.95 0.0 
9.88 9.79 10.74 10.84 —0.9 
9.70 9.69 10.88 10.74 +1.3 
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Fic. 1. Total collision cross sections. 


lent to [6,.* |-?/9-57 and [6,* }-?/°-4! where [6,,* ] and [6,.* | 
are the effective, as opposed to geometric, apertures 
of the two detectors. General relations previously give 
for (Ow?/*)y4 and (6,-?/*)y lead to (0.~?/9-57),,= 3.605 
and (6,-2/0-41),,= 3.655. The potential energy functions 
characteristic of the present wide and narrow detector 
results are obtained by combining values of K from 
Eqs. (3) and (4) with appropriate values of s, and may 
be expressed as: 


V (r) = K/r*=4.24X 10-"/r?-*7 ergs(r in A) (5) 
and 
V (r) = K/r*=6.07 X 10-"/r-4 ergs(r in A). (6) 


Equation (5), which is valid for r between 1.76 A and 
2.05 A, and Eq. (6), which is valid for r between 1.86 A 
and 2.13 A, are shown in Fig. 2 as the upper and lower 
curves, respectively. The ratio of the value of V(r) cal- 
culated from Eq. (5) to that calculated from Eq. (6) 
varies from 1.18 to 1.28 as r increases from 1.86 A to 
2.05 A, the range of interaction distance which is common 
to both wide and narrow detector results. If the po- 
tential functions are extrapolated slightly so that they 
cover the maximum range, 1.76 A to 2.13 A, the fore- 
going ratio changes from 1.12 to 1.32. This ratio would 
have been about 0.16 if simple geometric, instead of 
effective apertures has been used. A relation, valid for 
the full range of r which gives values of V(r) inter- 
mediate between those of Eq. (4) and Eq. (6), and which 
will be taken as the potential between two neon atoms 
derived from both wide and narrow detector results, 
may be written in the form 


V (r)=5.00 X 10-°/r9- erg(r in A). (7) 


Calculated values of S, based on Eq. (7) are between 
2.3 and 1.0 percent lower than the smoothed values in 
Table I, and calculated values of S, are between 2.2 
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Fic. 2. Potential energy between two neon atoms. 


and 1.1 percent higher than the corresponding tabulated 
values. 

For values of r between 2.32 A and 3.19 A, Mason 
and Rice‘ have derived the potential 


V (r)=[73.4 exp(—4.61r) —0.0869/r® ] 
X 10-" erg(r in A) (8) 


from experimental results on gaseous compressibility, 
viscosity, and crystal properties of neon. Since the ex 
trapolated value of V(r) at 2.32 A from Eq. (7) is within 
one percent of that calculated from Eq. (8), Eq. (7) 
can be used to represent the potential between two neon 
atoms for r between 1.76 A and 2.32 A, and Eq. (8) 
for values of r between 2.32 A and 3.19 A. 

No experimental values of V(r) in the range between 
1.76 A and 2.13 A exist for comparison with the present 
results. Bleick and Mayer’ have calculated the repulsive 
potential and the total potential between two neon 
atoms at 1.8 A, 2.3 A, and 3.2 A. At 1.8 A their total 
potential is 2.3 fold greater than that given by Eq. (7), 
while at 2.3 A their value is 2.6 fold greater than that 
calculated from either Eq. (7) or Eq. (8). At 3.2 A they 
predict a value of zero for V(r), whereas according to 
Eq. (8), V(r) should be zero at 2.8 A. In view of the 
approximations in the theoretical calculations of Bleick 
and Mayer, and the nature of the agreement at 2.3 A 
and 3.2 A between their results and those of Eq. (8), 
it is felt that their value at 1.8 A is not necessarily in 
disagreement with that obtained from the present 
scattering experiments. 
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Radial Distribution Function Calculated by the Monte-Carlo Method 
for a Hard Sphere Fluid*+ 


B. J. Avper,f S. P. FRANKEL,§ anp V. A. Lewrnson]| 
Department of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 


(Received August 20, 1954) 


The radial distribution function of a fluid of rigid spheres has been calculated using IBM equipment by 
a Monte-Carlo method which is valid only at relatively low densities. Up to the highest densities studied, 
20 percent of closest packing, the radial distribution function agrees within the precision of the method with 
the one calculated by the use of the superposition approximation in triplet space. Another Monte-Carlo 
approach was used at a higher density, 72.4 percent of closest packing, and the results agree with published 





I. 


KNOWLEDGE of the distribution of molecules 

relative to each other in a fluid permits the 
prediction of all the thermodynamic properties.! It 
has thus been the aim of a number of investigators? to 
evaluate this distribution function from the general 
principles of statistical mechanics for a given system 
of molecules. The mathematical problems involved in 
this procedure are made formidable by the multiple 
interactions which have to be taken into account as 
the density of the system becomes appreciable. Various 
mathematical approximations have therefore been 
introduced to make the equations tractable. For 
example, the free-volume theory simplifies the problem 
by letting a molecule interact with the average potential 
of its neighbors. The superposition approximation? does 
not smooth the interaction quite so drastically, since 
the potential of the average forces among three mole- 
cules is written as the sum of pair potentials of average 
force. 

The error introduced by these mathematical approxi- 
mations is difficult to estimate unless a more exact 
procedure is found. With modern computing facilities 
the Monte Carlo method becomes such a feasible 
procedure, although it has its own limitations.*® For the 
hard-sphere fluid, however, the Monte-Carlo approach 
is quite straightforward. Since there are no fluctuations 
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in energy, all possible states of the system are weighted 
equally. As long as the calculation is done so that 
the statistics favor none of the possible states of the 
system more than any other, the distribution func- 
tion can be obtained as exactly as desired. The accuracy 
is limited by the geometric size of the sample and the 
amount of statistical data accumulated. 


II. 


The procedure adopted was as follows: A unit cube 
(volume, »=1) was set up, and the coordinates of a 
center of a sphere inside that cube were specified by a 
“random” nine-decimal-digit number. The first three 
digits specified the x coordinate, the next three the y 
coordinate, and the last three the z coordinate of the 
particle. The sphere was given the diameter, d= (0.02)}!. 
Additional particles were then introduced into the 
unit cube at positions indicated by new “random” 
nine-digit numbers. These numbers were generated by 
successive squaring of the nine-digit numbers, using 
a middle group of nine digits as the next “random” 
number. A new particle was left in the box if it did not 
overlap with any particles already in place; otherwise 
it was rejected and a new particle was tried. 

The box could contain 500 particles if they were closely 
packed, and approximately half of these would be at 
the surface. In order to ameliorate the inaccuracies due 
to the small sample volume, periodic boundary condi- 
tions were introduced; that is, on all sides of the cube 
identical cubes were also built up. This procedure 
avoids surface effects and is analogous to a cellular 
treatment of fluids in which the cells are quite large and 
the restriction of single occupancy is not imposed. 

The IBM 604 electronic calculator was used to check 
whether a new particle overlapped any of the particles 
already in the box or their counterparts in the adjacent 
boxes. The machine calculated for a new particle the 
distance to each particle in the central box or to its 
reflection in the adjacent boxes, whichever was the 
closest. The operations involved then were to tabulate 
for a new particle having coordinates x, y, and z the 
quantities Ax, Ay, and Az, where Ax stands for x—x;, 
x—x:+1, or x—x;—1, whichever has the smallest 
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Fic. 1. The radial distribution function at a 
density corresponding to A= 12.86. 


magnitude, and similarly for the quantities Ay and 
Az. The minimum squared distance, (Ax?+Ay?+ Az’), 
to a particle located in the central box at «;, y,, and 2; 
was then calculated and compared to d?=0.02. The 
new particle was rejected if (Ax?+-Ay?+Az*) was less 
than 0.02 for any particle already in the box. By this 
procedure the IBM cards had printed on them the 
squared distances for any new member to all the old 
members. This tally of distances is the information 
needed to evaluate the distribution function. 

As more and more particles were placed in the box the 
rejection rate increased very rapidly. A total of 98 
particles was put in the box, which corresponds to a 
No= (4rNad*)/v of 3.460 (20 percent of closest packing), 
in order to compare the distribution function with one 
that had been obtained at the same density with the 
use of the superposition approximation. However, it 
proved impractical to go to any appreciably higher 
density by this. method since the acceptance rate for 
the last few particles was about one in ten. 

A box prepared in this way represents a smali sample 
of an actual system. Rather than dealing with a bigger 
box so that statistical errors are reduced, it proved more 
economical to prepare an assembly of such boxes, 
although the effect of the periodic boundary condition 
is more serious and the distribution function becomes 
less accurate at large separations. Eleven boxes were 
prepared and the distribution function calculated from 
them. The squared distances were listed in order of 
increasing magnitude and the distribution function, 
g(R), calculated by noting the number, An, of these 
distances in each interval AR of distance: 


An 
N(N-1) 





g(R)= 
4rR°AR 


where JV is the total number of particles in the box and 
R is the distance separating any representative pair of 
molecules. Changing to a scale of distance, x, in which 
the spheres have a diameter of unity, R must be 
replaced by R= (0.02)!zx. 


Table I gives a comparison of the radial distribution 
function obtained in this way and the one obtained by 
solving the integral equation.’ It can be seen that 
within statistical errors the two are the same. Since 
the integral equation depends on the approximation of 
superposition in triplet space but the Monte-Carlo 
method does not, it is apparent that within the precision 
of the present study this assumption is valid at the 
density, A\o=3.460, studied and at all lower ones. It 
should be pointed out, however, that at this density 
the number of triplets whose centers at a given time 
are close together is quite small. 


Ill. 


At higher densities a different procedure must be 
adopted. The one that was used is identical to the 
method already described in the literature.®® A unit 


TABLE I. Comparison of the radial distribution functions. 











x 8* (x) g(x) Cg*(x)I/Ce>(x)]-1 Std. Devs 
1.04 1.399 1.374 0.018 0.052 
1.12 1.313 1.286 0.021 0.051 
1.20 1.242 1.098 0.131 0.049 
1.28 1.181 1.142 0.035 0.048 
1.36 1.129 1.200 —0.059 0.047 
1.44 1.083 1.108 —0.023 0.046 
1.52 1.049 1.058 — 0.008 0.045 
1.60 1.018 1.006 0.012 0.044 
1.68 0.996 1.057 — 0.058 0.043 
1.76 0.981 1.013 — 0.032 0.042 
1.84 0.974 0.993 —0.019 0.041 
1.92 0.972 0.990 —0.018 0.041 
2.00 0.980 0.994 —0.014 0.040 
2.08 0.989 0.922 0.072 0.040 
2.16 0.995 0.968 0.027 0.039 
2.24 1.000 1.013 —0.013 0.038 
2.32 1.002 1.021 — 0.018 0.038 
2.40 1.003 1.028 —0.024 0.037 
2.48 1.004 1.013 — 0.009 0.036 
2.56 1.003 0.981 0.022 0.036 








® From solution of integral equation. 

b From Monte-Carlo method. ; 

© Statistical standard deviation from the average in the quantity [g*(x) ]/ 
[g>(x)]—1. See H. Margenau and G. Murphy, The Mathematics of Physics 
and Chemistry (D. Van Nostrand Company, Inc., New York, 1943), p. 422. 


cube was employed containing 80 spheres of diameter 
d= (14/256)}, initially in a hexagonal arrangement. 
After two “runs” the orderliness of the initial arrange- 
ment seemed to be washed out. A “run” consists of an 
attempted random displacement of each sphere in the 
box. Figure 1 is a graph of the distribution function 
obtained from a total of 7 runs of which the first 
two were not counted. Periodic boundary conditions 
were applied as previously. The general features of 
the graph agree with the published distribution func- 
tions obtained by this method.* The most notable fact 
is that at these higher densities the peak of the distri- 
bution function does not occur at the point of contact 
of the spheres. At the density investigated, 72.4 percent 
of closest packing, corresponding to a value of 
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RADIAL DISTRIBUTION FUNCTION, MONTE-CARLO 


\o= 12.86, a comparison with the distribution function 
from the solution of the integral equation is not possible, 
since that method breaks down.’ 

The authors are grateful to Professor J. G. Kirkwood 
for his advice and interest in this problem. We wish to 
thank the mathematics department of the University 
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of Manchester for the use of the MARK II computer in 
the calculation of the high-density distribution function, 
and the National Research and Development Cor- 
poration for financial aid in this phase of the work. We 
wish to acknowledge the assistance of W. Chaplin in 
the IBM computations. 
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Spherical Interface. II. Molecular Theory* 


FRANK P. BUFF 
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(Received August 9, 1954) 


The statistical mechanical theory of plane and spherical interfaces is developed on the basis of the virial 
theorem and the Gibbsian mechanical and thermodynamic definitions of surface tension. The expressions 
for the relevant thermodynamic functions in terms of molecular variables are employed in a discussion of 
the curvature dependence of surface tension which leads to an asymptotic expansion of the grand partition 
function in terms of the geometrical parameters that characterize the interface and thus provide a criterion 


for the range of validity of macroscopic concepts. 


I. 


T is the purpose of this paper to discuss the detailed 

molecular theory of surface tension whose chief 
results were anticipated in our earlier extension of the 
phenomenological treatment.' The calculations of 
superficial phenomena which will be presented are 
carried out on the basis of both the thermodynamic and 
mechanical definitions of surface tension. The appro- 
priate techniques employed with these alternative 
definitions lead to the requisite identical results. A 
brief discussion of plane interfaces precedes the treat- 
ment of the spherical interface. 

For the purpose of this discussion it will be con- 
venient to place a Gibbs? dividing surface in the 
spherical transition zone separating the liquid phase a 
from the vapor phase @. It is the function of this divid- 
ing surface to divide the total volume into a volume V4 
containing the liquid phase and a volume Vg containing 
the vapor phase. With this convention the thermo- 
dynamic definition of surface tension may then be based 
on the fundamental equation for the reversible change 
in Helmholtz free energy A of a small segment of the 
two phase system which is characterized by the area s 
and the curvature c of the dividing surface 


(- =)- ba(— -)-"w, =P ot aN 


Y C 
+—ds+—de, (1) 
T T 


where E and WN are the energy and number of moles of 





- © Presented at the Pittsburgh meeting of the American Physical 
Society, March 8-10, 1951. 
'F. P. Buff, J. Chem. Phys. 19, 1591 (1951). 
J. W. Gibbs, Collected Works (Yale University Press, New 
Haven, 1948), Vol. 1, pp. 55-353. 





the segment of the one component system, T and yu 
are its temperature and chemical potential, y is the 
generalized surface tension, and C is the Gibbs curva- 
ture term. The pressure fq existing in the interior of 
the bulk phase @ is determined by the pressure fg of 
the bulk phase 8 by the condition of uniformity of the 
chemical potential y in the two phases. In order to give 
explicit recognition to the open nature of the two phase 
system and to facilitate the physical interpretation of 
the theory which is presented in Sec. IV it is con- 
venient to introduce the invariant function 2 defined 
by the equation 


Q2=A—Ny=ys" ©) — paVa—paV p. (2) 


It is of interest to remark that in applications of the 
preceding relation to liquids it is generally assumed 
that the surface tension y may be set equal to the sur- 
face free energy y‘?-). However, an examination of 
interfaces with unequal principal curvatures c; and ¢2 
shows that this identification is only strictly valid when 
it is assumed that the stress ellipsoid is asymptotically 
one of revolution about the normal to the surface. 
Since in the present investigation this restriction is 
satisfied, the equivalence of y and y‘¥-¥, which con- 
stitutes the basic assumption in the derivation of the 
generalized! adsorption equation for spherical inter- 
faces, is to be considered rigorous and it is possible to 
transform Eq. (1) to the form 


43)-4G) rr) 


y C 
+—ds+—de, (3) 
T 4 


Q2=7s— paVa—ppV 5. (3’) 
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It will be now instructive to review the restrictions 
imposed by the requirement of mechanical equilibrium 
for the system. With neglect of the effect of external 
fields it may be shown! from the thermodynamic 
criteria of equilibrium that p., ps, y, and C are related 
by the equation 


oy 
pa— pp=2yc—C—. (4) 
Ss 


On the other hand the condition of hydrostatic equilib- 
rium provides a useful restriction on the stress tensor o 
V-o=0. (5) 


By confining ourselves to one component systems com- 
posed of molecules for which the potential of inter- 
molecular force V“? has the form 


N 
VOM = >) V (Ris) 
i<i 


and which are amenable to treatment by classical 
statistical mechanics, the macroscopic stress tensor at a 
point R in the fluid may be shown’ to be related to 
molecular variables by the expression 


o(R)=e(R)+o™(R), 
o®)(R)=—kTp (R)1=—0 1, 


1 7RwRi.dV(R 6 
0((R)=— f : : - 1) (R,Ris)dos, - 
12 12 





2 
1 

52) = f »®(R—aRys, R—-aRi+-Ris)de, 
c 


where 1 is the unit tensor and & is the Boltzmann 
constant. The generic molecular distribution functions 
appearing in Eq. (6) are interpreted in the following 
manner. The singlet number density p“)(R) specifies 
the average number of molecules p“’dV in volume 
element dV at a point R, while the pair number density 
p”(R,,Ri2) specifies the average number of molecular 
pairs p®dV,dV 12, one member of which is situated in 
volume element dV, at the point R, and the other in 
dV 2 at the point Rj: in the relative configuration space 
of the pair. Although in the interior of the two homo- 
geneous fluid phases the singlet number density is inde- 
pendent of R, it is the variation of p(R) through the 
transition zone that is intrinsically responsible for the 
occurrence of surface tension. This variation may be 
exhibited in terms of the Born and Green type integro- 
differential equation’ which relates p® and p®, this 
equation being equivalent for one component systems to 





( ae Irving and J. G. Kirkwood, J. Chem. Phys. 18, 817 
1950). 
4 J. G. Kirkwood and F. P. Buff, J. Chem. Phys. 17, 338 (1949). 
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Eqs. (5) and (6). 
—VRikTp = VR: 0%) (Rj) 


= f vnsV(Rus)o® (Rs,Rss)dou 
=—Vri-o(Ri). (7) 


We shall conclude this section with the discussion of a 
convenient transformation of Eqs. (5) and (6). The 


operation 
R-V-o=V-R-o—Tro=0, 


followed by an integration extending over the two 
phase region, leads with use of Green’s theorem to a 
relation which is formally equivalent to the virial 


theorem 
[Rods f Treav, (8) 


where upon utilization of Eq. (6) the right-hand side 
may be expressed in the familiar form 


N 
- f TrodV =2(K.E.)y—(> Ri-VrRiV%), (9) 
i=1 


(K.E.)w=3(N) kT. 


This result is not surprising since it can be readily 
shown that the virial theorem may be derived either in 
terms of the conventional time average or, with use of 
Liouville’s equation, the basis of Eqs. (5) and (6), in 
terms of a phase average. In connection with the inter- 
pretation of the virial theorem, it should be recognized 
that the left hand side of Eq. (8) involves the macro- 
scopic convention for the stresses. 


II. 


As a preliminary to the spherical interface we shall 
now consider the case‘ of two fluid phases a and 
separated by a plane transition zone. We select an 
arbitrary Gibbs dividing surface in this zone and define 
a rectangular coordinate system (x,y,z), with unit 
vectors i, j, and k directed along the coordinate axes, 
with the dividing surface as the (x,y) plane and 2 axis 
parallel to the normal to the dividing surface directed 
from phase a to phase 8. From the molecular point 
of view a plane interface implies that the singlet density 
p™(R) depends only on z and that the pair density 
p®)(Ri,Ri2) depends only on z, and Ris. The general 
stress tensor may now be exhibited in the form 


o=or(z) (ii+jj)+on(2kk; on(z)=—p. (10) 


In the interior of the phases @ and @ the tangential 
component of the stress or reduces to —p, where p 
the pressure of the bulk phases. According to Eq. (5) 
the normal component of the stress on is uniform 


5 F. P. Buff, Z. Elektrochem. 56, 311 (1952). 
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throughout the two-phase region. In the interior of the 
bulk phases the stress tensor thus reduces to 


Ca=Cal; og=ogl; ca=os=—}, (11) 
where 
1 dV i2 
Ca>= — RT po!0-+- f R—“pa® (Rusa 
6 dR2 
(12) 


dV 12 
Rie—p 3 (R12) 012. 


AN 12 


1 
og=—kT ps +- 
6 


If we define densities pag” and pag® with respect to an 
arbitrary Gibbs dividing surface in the following 
manner: 


pap =[1—A(z) Jor +A (z)p8™ ; 
A(z)=0 2<0 
=1 220, 


n=1,2, (13) 


where A(z) is the unit step function, we may express 
the quantity og which will be encountered shortly 





Gap=[1—A(z) loatA(z)og=—p (14) 
in the form 
1 d\ 12 
eap= — AT pas (2) + f Rae pap” (2,Ri2)dr2. (15) 
6 aN 12 


In connection with our application of the virial theorem 
we note that by convention the macroscopic form for the 
stresses acting on a system of volume V and plane 
dividing surface of area s is given by 


J R-e-ds=—3pv-+2r. (16) 


Thus with use of Eqs. (8), (15), and (16) we immedi- 
ately obtained the desired expression for the surface 
tension of a plane interface 


1 2 
on” f Tr{o(z)—oa8(z)1}dz 


—o 


=f (or—oag)dz 


—3o 


(17) 


=kT f Leas (2)—p™ (z) dz 


f i X49" dV 12 
oasis Rie dRi2 


X Loas (21) —p® (21, Riz) Jdvi2dz1. 


By recognizing that for the plane interface c2g=on, an 
alternative form of Eq. (17) may be obtained which is 
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more convenient for numerical calculations: 


=f (or—on)dz 


ssi "12 X19 2 — 210" dV 12 
ia - f f eee areola I iia i 
fa Rio dR» 


Equations (17) and (18) demonstrate that for the plane 
interface the use of a Gibbs dividing surface may still 
be convenient but is not necessary. It is readily seen 
from its derivation that the validity of the first line of 
Eq. (18) is not restricted to the simplified potential of 
intermolecular force and the applicability of classical 
statistical mechanics that we have assumed. The 
formulation of the quantum-mechanical theory with 
special reference to boundary conditions and the quan- 
tum corrections necessary in the second line of Eq. (18) 
constitute the subject of a future publication. 

The generalization of Eq. (18) to a multicomponent 
“= is easily achieved with the result 


=f f= 412° — 12" dV ag(Riv ) 
a, B=1 Rie dRi2 


X 4p) (21, Rie)dvj2d21, (19) 


where the sum extends over the vy components of the 
system, Vag is the potential of intermolecular force 
acting between a pair of molecules of type a8 separated 
by a distance Ris, and “8 is the pair number density 
for pairs of type a8. We note at this point that semi- 
empirical formulas for the surface tension of solutions, 
analogous in form to Hildebrand’s expression® for the 
heat of mixing of simple nonassociating solutions, may 
be obtained on the basis of Eq. (19). It will be shown in 
a subsequent paper that Eq. (19), the Born and Green 
type equations, and the additional relations 


(18) 





O%p“) 
ew = 45.4 
Ms 
RT JT. ~up 
+ { Ctoe—ap0 Bp) |dve; 
a,8=1,---v, (20) 
O%8p@) 
My 
RT JT ~py 


+ f [erp ape ¥p") |dv3; 


a,B,y=1, 
bag= 1, a=8, 
bap=0, a8, 


6 J. H. Hildebrand and R. L. Scott, The Solubility of Non- 


Electrolytes (Reinhold Publishing Corporation, New York, 1950), 
third edition. 
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where pa is the chemical potential of component a, lead 
to the Gibbs adsorption equation. 

Equation (18) was derived previously with use of 
the mechanical definition of surface tension. We con- 
sider the work done in a differential increase of the 
dividing surface in the x direction keeping the dimen- 
sions in the y and z direction constant. By equating the 
phenomenological expression for the work to that in 
terms of molecular variables we obtain 


1/2 
ordz, 


(y—phas=as f (21) 


—1/2 


where / is a macroscopic length large relative to the 
range of intermolecular forces and 6s is the increase in 
area of the dividing surface. Upon substitution of Eqs. 
(6), (10), (11), and (15) into Eq. (21) and passage to 
the limit +, we immediately recover Eq. (17). 

The thermodynamic definition of surface tension of a 
plane interface may be based on the form of Eq. (1) 
pertinent to this case. Of the two alternative definitions, 


“5D... 


OA pV 
Ae), 
Os/7N.vis § 


where V is the total volume of the two phase system, 
only the second utilizes a Gibbs dividing surface. The 
evaluation of these derivatives can be carried out by 
employing a petit canonical ensemble followed by 
passage to an infinite system. In view of the fact that 
this limiting process may also be achieved by averaging 
over the members of a grand ensemble we shall utilize 
the grand partition function directly. For this purpose 
Eq. (3) leads to the alternative definitions 


dQ 
. (—) ’ 
Os faV 
an pV 
i de (—) +—, 
Os T,u, V/s Ss 


and we also note the familiar expressions for the number 
densities of sets of m molecules p‘(R,,---R,) appro- 
priate for the type of open systems of fixed volume V 
we are considering: 


(22) 


(23) 


ehNu 


N=n rf: | 


p\™ = eft > 


N 
Xexpl—BV™] J] du, 


k=n+1 


(24) 
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< efNu 
eas Sf 
= emi 
N 
Xexpl—BV“] J] doz, (25) 
k=1 


1 h 
p-—; {2——————-, 
kT (2rmkT)}* 


where J is the mean thermal de Broglie wavelength and 
the parameter 2 appearing in the grand partition func- 
tion, Eq. (25), is given by Eq. (3’). 

The differentiation indicated by Eqs. (23) may be 
carried out by utilizing a device introduced by H. S. 
Green’ in his investigation of homogeneous fluids. The 
change of variable 
Ze —$ zk (26) 

s 


Xe= S41 on; Ve= SO yx; 


leads to the following identity: 


V N 
f ee f expl —BV ] II dv;, 
k=1 
1 N 
=v« f sf expl=8V 16,00) I] 46, (27) 
0 k=1 


which in conjunction with Eqs. (23), (24), and (25) im- 


plies that 
1 rr? fp’? sdRi?\ dV (Rw) 
“dA 
2 Os V dR 1" 


X p® (21, Ris) dv,2d21, (28) 


OR?” 
@ oe 
S =%12 +y12— 2212’, 
Vv 


Os 
y=—aT f p) (z)dz 


—oo 


1 7? OR? dV (R12) 
“faa 
2 Os Vis dR; 


—o 














7 


p 
Xp (21, Rie)dzidv12+—, (29) 
$ 


OR? pV ‘i 
(— ). = X12" Vio" a -f Taadz. 
AY 


—3o 





Since by symmetry we also have the relation 


ee) Viz X19" — V9" dV (Riz) 
f f p) (21, Rie)dvy2dz1=0, (30) 


20 Riz 12 





it immediately follows that Eq. (28) reduces to Eq. (18); 
7H. S. Green, Proc. Roy. Soc. (London) A189, 103 (1947). 











while Eq. 
already de 
(23) from 
directly fr 

From tl 
of p"(z) « 


we find uf 
ficial densi 


=f 


—o 


=B 
so that Ec 
manner: 


=f, 
=S 


=e 


For the 
we introdu 
component 
ing orthogo 
an auxiliar 
phase 8, wit 
¢ by the | 
spherical int 
depends onl 
only on &; : 
exhibited in 


C- 


In the tran 
relation bet 
stress tenso. 
tained by s 
hydrostatics 
this substitu 


don 
dR 
dR’on 


dR? 





Ih the inter 
war distribu 














SPHERICAL INTERFACE. 

while Eq. (29) reduces to Eq. (17). Although we have 

already demonstrated the equivalence of the two Eqs. 

(23) from the uniformity of ow, we shall now prove this 
directly from the molecular distribution functions. 

From the fundamental equation for the dependence 

of p“(z) on z, 

dp™ (23) 212 dV (R12) 

= nadel aia pdr 2, 

dz, Riz dR 


we find upon taking the first moment that the super- 
ficial density of matter is given by 








(31) 


r= f [o"(2)— pag (2) dz 


2 2 210” dV 12 
-6 f J Cp? — pag” |dviodz1, 
~« R12 dRi2 


so that Eq. (17) reduces to Eq. (18) in the following 
manner : 


1 ¢? fe? x12°— 212" dV 12 
wae J J a ne 
2 —0 Rie dR12 


X [eo (21, Riz) — pas (21,Ri2) |dviedzy 


1 7? f°? X12°—212" dV ie 
=— J f p (23, Ris)dvy2d2). 
i a Ri = dRi2 


Il. 


For the purpose of treating the spherical interface 
we introduce spherical polar coordinates with radial 
component R, colatitude 0, longitude ¢, and correspond- 
ing orthogonal unit vector er, ee, and e,. We associate 
an auxiliary coordinate £, directed from phase a to 
phase 6, with the arbitrary dividing surface of curvature 
¢ by the relation R=1/c+é. The existence of a 
spherical interface implies that the singlet density p™ (R) 
depends only on &, the pair density p®(R:,Ri2) depends 
only on £; and Ris, and that the stress tensor may be 
exhibited in the form 


Co=d0T (R) [esee+ ee, |+on (R)erer, 


In the transition zone separating the two phases the 
relation between the tangential component or of the 
stress tensor to that of its normal component ey is ob- 
tained by substituting Eq. (34) into the equation of 
hydrostatics (5). The following equivalent results of 
this substitution will be found to be useful subsequently : 


dan Z (or— on) dR®on 
ten = R?(av+2o7); 
dR R dR 

dR’on 


dR? 








(32) 





(33) 





(34) 





(35) 





™=<CT. 


In the interior of the respective bulk phases the molec- 
ular distribution functions and thus the stress tensor 
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are independent of £. Consequently by the first form of 
Eqs. (35) the stress tensor becomes isotropic: 


o3= — Pp, (36) 


where the bulk pressures p. and pg are related by 
Eq. (4). 

We shall now show that, unlike the planar interface, 
in the case of spherical symmetry the use of the virial 
theorem does not lead to an explicit evaluation of y 
and C. Extending the left-hand side of Eq. (8) over a 
complete sphere, we obtain the result, equivalent to 
the second form of Eq. (35): 


J tr(o—ceslav =o, 


Ga=Cal; os=cal; Ca=— Pa; 


(37) 


With use of the condition of mechanical equilibrium, 
Eq. (4), the preceding result may be formally trans- 
formed into the form 


—3paVo~3pV st 2n8—cC= f Trad, (38) 


where the coefficients of the left-hand side correspond 
to the dimensionality of the external forces. It is readily 
apparent from the above treatment that the virial 
theorem leads to the equation of mechanical equilibrium 
when it is postulated that Eq. (38) is in the spirit of the 
theorem for a spherical segment. Thus, neither the 
derivation nor the postulated validity of Eq. (38) leads 
to explicit expressions for y and C. 

In connection with the analysis based on the two 
remaining modes of approach, it is convenient to note 
that the volumes V, and Vg may be expressed in terms 
of the radius of the spherical container Ro, and the area s 
and curvature c of the dividing surface 

0 


[1i+ct© PdE; 


—I/c 


Va=s 
39 
Ro—(1/c) ( ) 

Vers f [itcéo Pde, 

0 

The evaluation of surface tension by means of its 
mechanical definition is again achieved by equating the 
phenomenological expression for the work done to its 
molecular counterpart in a differential increase of the 


area of a spherical segment, keeping the curvature of the 
dividing surface constant 


vbs— paiVa— prbVe= ff dlr-o-da, (40) 


i.€., 
0 
ly f Pa(itcé)*dEo 
— Ro—(1/c) 
-f pa(t-tce ae’ is 
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Ro—(1/c) 
=$s f or(1t+ck) de, 


l/e 






























where élr is a general tangential displacement and da an 
element of area. Upon simplification, the above equa- 
tion reduces to 


s 


1= f (or—Gap) (Ick Pde, 


(41) 
Gap=L1—A (E) Joatogd (E). 


The Gibbs curvature term may now be most con- 
veniently evaluated by integrating the last form of 
Egs. (35) from 0 to Ro, which after some rearrangement 
yields 


a= po= 26 f (or—ous)(1+080)48 
= 2 [ (or—aap)¥(I+ ck), (42) 
so that by comparison with Eq. (4) we finally find that 
=2f (or—oas)t(1+eR)E. (43) 


The derivation of Eqs. (41) and (43) by means of the 
thermodynamic definitions may again be based on the 
alternative definitions which follow from Egs. (1) 
and (3). 


OA 
-(=) 
Os J T,N,c,Ro —(1/c) 


Ro—(1/c) 
—f aaplt-ree ae, 


1/c 


(44) 
dQ 
-(@) 
Os J T u,c,Ro —(/c) 
. Ro—(1/c) 
_ Fag(1+cé©)*déO, 
—lI/ce 
c (=) 
: Oc J T,N,s,Ro —(1/c) 
Ro—(1/c) 
=2s fo wap (1+ ce dE, 
—I/c 
(45) 





Cc (=) 
— Os J T.n,8,Ro —(1/c) 


Ro—(1/c) 
-2s f Tape (1+cé) dé, 


1/c 


The direct use of a thermodynamically open system 
will again be considered more consequential so that the 
definition in terms of 2 will be employed. For the ap- 
plication of this approach it will be convenient to con- 
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sider that section of a sphere defined by 0<0<6 and ee 
O<¢<¢o, and to introduce new variables by the P 
relations an 
! (;) 
Ry=-+&., Os Tu, 
C 
sc =—kT 
cos0,x=1—-—x; OS <1, (46) 
$0 1 
Pk= POXk; O<x.S1. 7 
In terms of these variables the representative configura- Ro- 
tion integrals may be exhibited in the required form = f 
wife 


v N 
f ee f exp[ —BV™ ] II dv, 
k=l 
Ro—(1/c) 1 1 Ro—(1/c) 1 1 
PELL EL Ley 
= 0 0 —lI/¢ 0 0 ca 
T 4,8 


N 
Xexp[—BV] TT (1+ck&.)*dépdprdx,. (47) 
k=1 


= —2sk 
Although it is not necessary, for the sake of brevity 
we shall henceforth take go to be constant. Substitu- 1 
iion of Eq. (47) into the grand partition function and 2 
subsequent differentiation leads to the following 
expressions : 2 
+. 
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With use of Eq. (7), these results may then be ex- 
pressed in the form 


=) 
( Os J T u,c,Ro —(1/c) 


Ro—(1/c) 
--ar f p™ (1+) dE 
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€a1° VRiV (Riz)p@ dvidv2 
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= 
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-—f fen ° VRiV (Rio) p@ doidv2 
Ce 


2 R,(1—cos6;) 
+-f f e€o1:VRiV (Ri2)p?'dv,d02 


C sin6; 





Ro—(1/c) 
=2s f aK) EC) (1 +-cE) dE 


I/c 


1 
+= fen v-o(Md 
Cc 
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C sind 

The application of Green’s theorem with proper at- 
tention to the assumed boundary conditions and the 
symmetry of the system finally leads to the equations 


10) Ro—(1/c) 


(—) =f onlt+ee par, 
OS J T u,c,Ro —(1/c) —I/c 
sion ‘ (50) 


02 Ro—(1/c) 
(—) =2s f ork (1c )dE, 
Oc J T u,s,Ro —(1/c) —I/e 


which in conjunction with Eqs. (44) and (45) yield the 
same formulas for y and C previously obtained with 
use of the mechanical definition, i.e., Eqs. (41) and (43). 
It is of interest to remark that despite the lengthy 
algebraic transformations encountered in connection 
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with the thermodynamic definitions, y and C are evalu- 
ated independently, so that by comparison with Eq. 
(42) an independent proof of the validity of the funda- 
mental Eq. (4) is obtained. It should be remarked at 
this point that our Eqs. (41) and (43) constitute the 
correct molecular formulation of expressions surmised 
by Tolman® by quasi-thermodynamic techniques. 

b We shall now derive an alternative expression for the 
Gibbs curvature term C which will be employed pres- 
ently. An elementary rearrangement of Eq. (37) leads 
to the expression 


Pa— Pp= 2 f (or—Gas) (1 +cé)*dEo 


(tas—on) 
—2 fA caoracre, (51) 
c 
which thus yields the desired alternative form 
c (¢ag—on) 
<= ft cao page. (52) 
s c 


We now recall that Gibbs in his pioneering investigation 
of curved interfaces selected at the very outset of his 
analysis a particular dividing surface, the surface of 
tension, by the requirement that the curvature term C 
corresponding to this dividing surface vanish. Equa- 
tion (43) shows the possibility of this selection from the 
molecular point of view and a useful formula for the 
surface tension of the surface of tension is provided by 
Eq. (52). Designating superficial quantities pertaining 
to the surface of tension by prime we find that 


1= for —ow)AtcR~ aR, — (53) 
where c’ is determined by the relation 
Cc’ 
nf or—eaa) tt ceerag~=0, (54) 
s 


It has recently® been pointed out, however, that select- 
ing a dividing surface in such a way that the superficial 
density of matter [ vanishes is frequently of greater 
practical value. Designating quantities pertaining to 
this dividing surface by double prime we find that 


Y= f (or cas N(-+e%E@)RdR”, (55) 
where c” is determined by the relation 


r= f (pag) (I-+e"E@)RdRe” =O (56) 


8 R. C. Tolman, J. Chem. Phys. 16, 758 (1948). 
®F. P. Buff and J. G. Kirkwood, J. Chem. Phys. 18, 991 (1950). 
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and where for this dividing surface the curvature term 
has the simple physical interpretation! 


Cc” oy” 
Pe C ) . 
It is thus seen that both y’ and y” are explicitly inde- 
pendent of the momentum contribution to the stress 
tensor. 
We conclude this section by presenting an interesting 
molecular form for the invariant! work of formation W 


of a drop from its surrounding vapor 8. With use of our 
general expression it follows that 





(57) 


V 
W=15— (ba—Pp)Va= f (er—o,)dV, (58) 


which clearly indicates the manner in which local pres- 
sure fluctuations in a vapor can give rise to an increase 
in free energy. We surmise that this form for W might 
be of value in connection with approximate theories of 
nucleation of supersaturated vapors, and we thus note 
that the thermodynamic function 2 may be expressed 
in the form 


Vv 
o=W-pv= ordV. (59) 


IV. 


It is the purpose of this final section to discuss the 
curvature dependence of surface tension in the light of 
the preceding results and to describe the physical inter- 
pretation of surface free energy. Either by translating 
the origin in Eqs. (41) and (43) or by noting that the 
pressure difference and work of formation must be 
invariant to the choice of dividing surface, 


4 
Pa— pa=2yc—C—=2y'c’, 








(60) 
s 
ystcC y's’ 
W= =—, 
$ 3 
it is immediately found that 
y oc 1/V.' 
ua Fre Ca 
vy’ ¢ 3\Va 
27 (Va ) 
cC aX, 
——— : (62) 


With use of the new variable x’=1—c/c’, Eq. (61) can 
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be expressed in the form 


Y 
se" vides ied (63) 
7’ <a * ) 


so that y/y’2>1 since x’ is always less than unity. This 
variational theorem demonstrates the interesting fact 
that the Gibbs convention of setting C’=0 forces the 
surface tension corresponding to the surface of tension 
y’ to take on its least value. It has been previously 
pointed out! that although this convention also leads 
to the most elegant formulas for observable quantities, 
the abstract nature of the placement of the surface of 
tension is such that in detailed practical applications 
the physically intuitive dividing surface should be em- 
ployed which makes I’’=0. We shall now show that 
an investigation of this second dividing surface, which 
will again be denoted by double prime, also provides 
the relation of the surface tension of a spherical inter- 
face to that of a plane transition zone. With use of our 
earlier thermodynamic relationship 


"Dig Oy” 
ac” (of) 





where in the case of multicomponent systems the 
double prime is defined by the condition” 


Dd Ti’ (dps/dc"’) =0, 
i=1 


and Eqs. (61) and (62), we immediately find the useful 
generalization of the Gibbs"-Tolman”-Koenig” equation 





a ad 2 logy” 9 logy’ 
= wed 





wow . ” / 
26(1-++6c’+ 36°c””) 
= ——————; (65) 
1+ 25c’ (1+-5c’+ 48c!”) 


1 1 
§=——_. 


c”’ c’ 


Approximate integration of this differential equation 
and substitution into Eq. (63) shows that in first 
order for all dividing surfaces 


Y=Yeo0(1—26..c+ : *), (66) 


where the subscript denotes the plane interface. For the 
calculation of the fundamental distance 6, we note that 
according to Eq. (62) 


” 


( —}) =—27..8. (67) 
s 


Ul 
i 2] 


1 F. O. Koenig, J. Chem. Phys. 18, 449 (1950). 
" Reference 2, p. 232. 
2R. C. Tolman, J. Chem. Phys. 17, 333 (1949). 
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and that in the case of the plane, Eq. (43) may be 
written in the form 


Cc” 0 
& -2f "(or —on™)ds", (68) 
5 ) =e 


so that 
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A previous approximate calculation‘ of an equivalent 
expression indicated that for representative liquids 6, 
is positive and of the order of magnitude of the range of 
intermolecular forces. By comparison with Eq. (66) we 
thus conclude that the curvature dependence of the 
generalized surface tension of macroscopic drops is 
negligible and in such a direction as to cause a decrease 
with increasing curvature. 

In view of the fact that y is only operationally sig- 
nificant when referred to the surface of tension, the 
teal significance of Eq. (66) is obtained after its sub- 
stitution into Eq. (3). 


A- Nu =Q~— $V a— PV ptVeo5 


1 CY 
+(—) 2sc+---, (70) 
2 sl a 


where the succeeding constant term does depend on 
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the dividing surface selected. It is thus seen that our 
theory has provided us with an asymptotic expansion 
of 2 in terms of the geometrical parameters characteriz- 
ing the system under consideration. Consequently, 
4(C”’/s"")., which is expressed in terms of molecular 
variables by Eq. (68), is the external force conjugate to 
2sc. It follows from Eq. (67) that the estimate of Q in 
terms of its first three terms is justified when the radius 
of the interface is larger than 6.. and thus lends precision 
to this intuitive statement. We might point out that 
since the succeeding constant integral curvature term 
in Eq. (70) is presumably logarithmically infinite for 
systems with van der Waals dispersion forces, Tolman’s 
complete integration” of Eq. (65) is not immediately 
justifiable. We thus see that the precise evaluation of Q, 
required for very small clusters, dictates more cumber- 
some methods of evaluation. 

We wish to emphasize that although Eq. (70) was 
stated to be applicable to all dividing surfaces, its range 
of definition should be restricted to the physically 
intuitive dividing surface c=c’’. With this proviso, the 
variation of 2 at constant total volume and constant 
coefficients also leads to the asymptotic estimate for the 
condition of mechanical equilibrium 


4 


Pa Ps~ 200+ (—) ta 
Ss 


ie} 


(71) 


which may be established independently with use of 
Eqs. (4) and (67). 

Anticipating the theory of the effect of a gravita- 
tional field, which is involved in the experimental de- 
termination of surface tension, we find that the general- 
ization of Eq. (70) is provided by the relation 


i 8 
a~f van + J Vcd 


81 Cr 
4 f (=) terteoae (72) 
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New equations for the excess sound absorption per wavelength and the relaxation frequency have been 
derived. These equations are derived on the assumption that a dissociation process of the type (AB)=(A) 
+ (B) is irreversibly perturbed by the sound field due to assumed pressure dependence of the equilibrium. 
These equations are applied to the problem of excess sound absorption in dilute magnesium sulfate solutions. 

By using mixtures of dioxane and water to vary the dielectric constant of the solvent the effect of varying 
the ion Coulombic interaction forces of the ions in solution has been studied experimentally. This work 
and the work of other investigators on the excess sound absorption in dilute magnesium sulfate solutions 


is explained quantitatively. 


The specific rates of dissociation and ion association for magnesium sulfate in solutions of water and 
water-dioxane have been determined. Good agreement is found between values of the mass action equilib- 
rium constant determined by acoustic means and values determined by the usual conductivity method. 

The experimental activation energy of molecular dissociation is determined to be 6.5 kcal/mole while 
the activation energy of ion association is estimated to be 8.5 kcal/mole. 





INTRODUCTION 


CONSIDERABLE amount of experimental data 

on the excess sound absorption in dilute solutions 
of magnesium sulfate has been accumulated in the 
literature’? to which the author wishes to make a 
further contribution in this paper. The experimental 
data will then be explained in terms of equations 
derived below. 

The reverberation technique of O. B. Wilson and 
R. W. Leonard? was used to make measurements on the 
excess sound absorption in dilute solutions of magnes- 
ium sulfate as a function of the dielectric constant of 
the solvent. The dielectric constant of the solvent was 
varied by using various mixtures of dioxane and water 
as solvent. The values of the dielectric constant of 
the mixtures used were determined by means of a table.’ 
Details of the general experimental procedure and 
interpretation of the reverberation data are given in 
Wilson’s paper.” 

Leonard Liebermann‘ has proposed a theory to 
explain the excess sound absorption observed in some 
electrolytes, principally aqueous solutions of bi-bivalent 
electrolytes, based upon an acoustical perturbation of 
one or the other of two proposed pressure-dependent 


* This paper is taken from a thesis presented to the Graduate 
Division of the University of California at Los Angeles in partial 
fulfillment of the requirements for the degree of Doctor of Philos- 
ophy. The work was supported in part by the U. S. Office of 
Naval Research under Contract N6onr27507, Project No. 
NRO14-302. 

t Present address: Soundrive Engine Company, Los Angeles 
28, California. 

1G. Kurtze and K. Tamm, Acustica 3, 33 (1953). K. Tamm, 

Nachr. Gottingen, Akad. Wiss.-Math. physik. Kl]. 81, 1952. Eigen, 
Kurtze, and Tamm, Z. Elektrochem. 57, 103-118 (1953). 

2(. B. Wilson and R. W. Leonard, ‘}. Acoust. Soc. Am. 26, 
223 (1954). 

3 Herbert S. Harned and Benton B. Owen, The Physical Chem- 
istry of Electrolylic Solutions (Reinhold Publishing Corporation, 
New York, 1950), second edition, page 118. 

‘ Leonard Liebermann, Phys. Rev. 76, 1520 (1949). 


chemical equilibrium processes. Liebermann has taken 
the activities of his reactants as equal to their concentra- 
tions. R. Barthel’ has attempted to correct Lieber- 
mann’s work for higher concentrations by the introduc- 
tion of activity coefficients, but he has not considered 
their variation with an acoustic wave. In this paper it 
will be shown that both effects are important. 

Recently Milton Manes‘ has considered the case of 
an acoustically perturbed chemical equilibrium in very 
general terms. Manes’ work is used in this paper to 
derive new equations for the excess sound absorption 
in dilute magnesium sulfate solutions. All of the 
parameters are explicitly evaluated. A mechanism 
proposed by Liebermann‘ is used as the model. The 
equations derived here take into account the variation 
of the activity coefficients with an acoustic wave. 


THE MODEL 


Consider a solution containing ions A and X of one 
sign, ions Y and B of opposite sign, and the neutral 
molecules AB. Let it be supposed that the ions A and 
B are continually associating to form AB and that the 
molecules AB are continually dissociating into the 
ions A and B. The ions X and Y remain unassociated 
and merely insure electrical neutrality of the solution. 

Let the total molal concentration of A in both the 
ionized and molecular form be given by c and the 
fraction of A in the ionized form by a. Let the total 
molal concentration of B in either the ionized or 
molecular form be given by mc, then the concentration 
of B in the ionized form is given by c(m—1+a). The 
concentration of AB is given by c(1—a). 

It will be supposed that the equilibrium between 
A, B, and AB is pressure dependent and gives rise to 
a complex compressibility for the solution. The iso- 


5 Romard Barthel, J. Acoust. Soc. Am. 24, 313 (1952). 
6 Milton Manes, J. Chem. Phys. 21, 1791 (1953). 
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thermal compressibility of the solution may be assumed 
to be equal to the isothermal compressibility of the 
solvent (assumed real) plus a complex factor due to 
the perturbed chemical equilibrium. Thus 


B=BotB’ =BotBo (1t+-iw/k)—. (1) 


Experimentally it is found that the complex factor is 
very small compared to the compressibility of the 
solvent.” 

It has been shown‘ that the contribution to the 
intensity attenuation coefficient per wavelength of 
the complex compressibility is 


2ar\ = — 2xIm(6'/Bo), 


where Jm denotes the imaginary part of the ratio 
(8'/Bo). 

The quantity 2a\ has a maximum value when taken 
as a function of the frequency. The frequency at which 
the maximum occurs is called the relaxation frequency. 
If the maximum excess sound absorption per wave- 
length is represented by y, then 


w= Bo /Bo. (2) 


From a calculation of 89’ in terms of relevant param- 
eters, the maximum excess sound absorption per 
wavelength w and the relaxation frequency x may be 
determined. 


CALCULATION OF u AND « 


The calculation of » and x may be most easily 
accomplished by using the work of Milton Manes.® 
Following Manes, if & is the concentration of a key 
element then the complex compressibility factor may 
be written as 


1 av ae 
w-) () 
VX 0&7 7, p\OP/ rv. 


Define II as the activity product. Then 
Il = cf2a(m—1+a)(1—a) (3) 


where the quantities are in molal units. At equilibrium 
II equals K, the equilibrium constant. 

The expression for the relaxation frequency given by 
Manes is 


\ InII 
k=k,c(1—a , 
1 ii 





where the forward reaction is assumed to be given by 
kic(1—a@). The relaxation frequency as defined is 2 
times the acoustic frequency. 

From Manes’ work 


( ag ik =] 
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eons Fox and Thomas Marion, J. Acoust. Soc. Am. 25, 661 
53). 
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The expression for the complex compressibility factor 
may thus be written as 


(AV)*cki(1—a) 
a 

7(AV)%ck3(1—a) 
"le 


Here it has been assumed that 


ee d \nII 
at Inp dt 


Let £=ca and assume that c is constant. Then 


1—a /m—1+2a 
k= At +—( - oe Fea) (5) 
a m—1+a 


1 df, 
Peiienionnecen, (6) 
cf? da 


THE FUNCTION F 





Thus, 





(4) 








where 





The function F always appears multiplied by ca so 
that it is more convenient to consider Fca rather than 
F alone. 

The expression for the mean activity coefficient 
squared according to the Debye-Hiickel theory® is 


Inf,?= —4.606ST?(1+ AT?)—. (7) 


r is called the ional concentration and is defined by the 
equation 
T=) ¢z?. 


The summation is taken over all ions in solution. 

For a bi-bivalent electrolyte where 23= —2,.=2 and 
taking for the mean ionic diameter the standard value 
of 3.08 angstroms,’ the expressions for S and A are 


S=5.132X108(DT)-3, 
A=109.6(DT)-3. 


Substitute Eq. (7) into Eq. (6) and multiply through 
by ca. 
Fca= 18.424ScaT—3(1+ AT!)~. (8) 


The approximate nature of Eq. (8) limits quantitative 
discussion to relatively low concentrations. Because of 
this limitation no attempt has been made to use Eq. 
(5) for concentrations above 0.02 molar except for 
qualitative considerations. 


INFLUENCE OF THE DIELECTRIC CONSTANT 


Consider the idealized special case of a dilute solution 
of magnesium sulfate in which only ions of sulfate and 


8H. S. Harned and B. B. Owen, reference 3, page 39. 
®R. Fowler and E. Guggenheim, Statistical Thermodynamics 
(Cambridge University Press, Cambridge, 1952), p. 416. 
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Fic. 1. Relaxation frequency versus concentration for dilute 
solutions of magnesium sulfate at 25°C in water (dielectric 
constant 78.5, Wilson’s data), and water-dioxane mixtures 
(dielectric constants 67.0 and 56.5). 


magnesium are present, then m= 1 and Eq. (5) becomes 


«= k,[1+(1—a) (2—Fea)/a]. (9) 
Similarly for this case Eq. (3) becomes 
K=co?f,2/(1—a). (10) 


Equation (4) remains unchanged and applies here 
as written. 

The work of O. B. Wilson? reproduced here in Figs. 1 
and 2 and in Table I shows that in the range of concen- 
trations from 0.003 to 0.02 molar” the relaxation 
frequency remains approximately constant and that 
the ratio u/c tends to zero with decreasing concentra- 


TABLE I. Calculated values of k;/2r and (AV)? for water solvent 
(25°C, D=78.5). 











Concentration (ki/2x) X1073 (AV)? X108 a 
(moles /liter) (sec) (cm*/mole)? (calc) 
0.002* 114 6.04 0.90 
0.003 107 5.53> . 0.88 
0.0052 112 9.57 0.86 
0.008 110 9.07 0.84 
0.010 101 9.59 0.83 
0.014 107 8.81 0.82 
0.020 116 8.82 0.81 





Average 110 Average 9.2 








® Calculated from the author’s work. All other values in this table are 
calculated from the work of O. B. Wilson (see reference 2). 

b These values are neglected in computing the average value of (AV)? 
because of the large uncertainty in the values of excess sound absorption 
at these very low concentrations. 


10 The difference between molal and molar concentrations in 
the range of concentrations considered quantitatively is quite 
negligible. 
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tion. This is to be expected according to Eqs. (4) and 
(9) since the degree of dissociation a is close to unity 
at these concentrations and tends to unity at infinite 
dilution. 

The work of K. Tamm! likewise shows that the 
relaxation frequency is approximately constant and 
that the ratio u/c is also approximately constant in 
the range of concentrations from 0.01 to 0.1 molar. This 
behavior of u/c is likewise to be expected since it has 
been shown that @ is approximately constant in this 
range of concentrations." 

Above 0.1 molar, Tamm’s work shows that u/c 
decreases with increasing concentration. It appears that 
at these concentrations the gradual increase of «x 
indicated by Eq. (9) overtakes the gradual increase 
of the factor (1—a) so that the decrease of p/c at 
high concentrations may likewise be explained. In fact, 
the increase of u/c to a maximum and then the gradual 
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Fic. 2. Ratio of the maximum excess sound absorption per 
wavelength to the concentration versus concentration for dilute 
solutions of magnesium sulfate at 25°C in water (dielectric 
constant 78.5, Wilson’s data), and water-dioxane mixtures 
(dielectric constants 67.0 and 56.5). 


decrease again as the concentration is increased is 
characteristic of the proposed mechanism and is shown 
by the author’s data for the solution of dielectric 
constant 67.0 in Fig. 2. 


Experimental Results for Water Solvent 


In order to test Eqs. (9) and (4) the values of fi 
and (AV)? were calculated from Wilson’s data? and 
values of a calculated by using the activity coefficients 
of zinc sulfate (these should be quite similar to those of 
magnesium sulfate”) and the mass action equilibrium 
constant for an aqueous solution of magnesium sulfate 


11 E, Wicke and M. Eigen, Naturwiss. 39, 545 (1952). 
12 H. S. Harned and B. B. Owen, reference 3, pages 425, 426. 
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at approximately 25°C. The value of the mass action 
equilibrium constant was taken as 0.0063.'* Constancy 
of the calculated value of k; is expected on the basis 
of the dissociation hypothesis. The results of these 
calculations are tabulated in Table I. 


Experimental Results for Water-Dioxane Solvents 


The values of the mass action equilibrium constant 
for solutions of dielectric constant equal to 67.0 and 
56.5 were determined from the measured values of the 
relaxation frequency by means of Eq. (9). This was 
done in order to test Eq. (9) for the solutions of lower 
dielectric constant and to see if the acoustic data might 
be used to determine all of the parameters involved. 

It was found that if the relaxation frequencies were 
plotted on a linear scale against the square root of the 
concentration that an approximately straight line could 
be drawn through the plotted points and extrapolated 
to zero concentration. According to Eq. (9) the intercept 
on the frequency axis should give the value of ki. 
Equation (9) could then be solved for the degree of 
dissociation a for each particular value of concentration. 
The activity coefficients could then be calculated using 
Eq. (7). Finally the mass action equilibrium constant 
could be calculated using Eq. (10). The extrapolated 
value of k; was adjusted until a value was found which 
would give the most nearly constant value of the mass 
action equilibrium constant for all of the concentrations 
on which measurements were made. 

The solution of Eq. (9) was facilitated by a graphical 
technique. Equation (9) was solved for Fea. The 
expression for Fca was put in terms of ca by multiplying 
and dividing a by c. 


Fca=[2—(1+«/ki)ca/c \[1—ca/c}". (11) 


Equation (11) was plotted as a function of ca for 
fixed c and x on a graph of Eq. (8). The intersection of 
the two curves given by plots of Eqs. (8) and (11) gave 
the values of ca and Fca directly. a was then computed 
from ¢ and ca. 

Once ca was determined the corresponding value of 
f2 could be calculated using Eq. (7). 

Once a was determined Eq. (4) could be tested by 
calculating the value of (AV)? from the measured 
values of yu. (AV)? might be expected to have a value 
similar to that determined for the water solvent from 
Wilson’s data. 


8 See reference 3, page 147. 

“The values of the isothermal compressibility for the two 
mixtures of dioxane and water were computed from data for the 
speed of sound in water-dioxane mixtures (Charles J. Burton, 
J. Acoust. Soc. Am. 20, 186 (1948)) and from measured values 
of the specific heat at constant pressure of these mixtures. Calori- 
metric measurements were made to determine the specific heat 
at constant pressure of these mixtures. The values of the iso- 
thermal compressibility used in the calculation of (AV)? are 
435X 10-3 cgs for 13.0 percent by weight dioxane, dielectric 
constant 67.0 and 420X10-™ cgs for 25.0 percent by weight 
dioxane, dielectric constant 56.5. The value of 455X10-™ cgs 
was used for water. The temperature was approximately 25°C. 
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TABLE II. Calculated values of K, ki/2x, and (AV) 
for water-dioxane solvent. 








K X108 
(moles/liter) 


(AV)? X108 
(cm*/mole)? a 


Concentration 
(moles /liter) 





(25°C, D=67.0, ki/27=130X 108 sec) 


0.0015 2.78 9.58 0.827 
0.002 2.28 11.20 0.776 
0.005 2.75 9.93 0.729 
0.0075 2.07 9.54 0.641 
0.010 2.01 9.60 0.620 
Average 10.0 
(25°C, D=56.5, ki/2r=62X 10° sec“) 
0.001 0.695 10.80 0.683 
0.002 0.627 9.56 0.589 
0.003 0.659 10.91 0.554 
0.005 0.590 10.70 0.483 


Average 10.5 








A plot of « versus c} is given in Fig. 1. with the 
theoretical curves of best fit drawn in. A plot of u/c 
versus ci is also included in Fig. 2. The results of 
calculation are given in Table II. 


Summary of Results 


In order to be able to check the acoustic results for 
the values of dielectric constant used, it was necessary to 
determine the values of the mass action equilibrium 
constant by another means. This was done by making 
conductivity measurements on dilute solutions of 
magnesium sulfate.!® 

Values for the mass action equilibrium constant for 
dioxane-water mixtures having values of the dielectric 
constant equal to 67.0 and 56.5 (13 percent and 25 
percent by weight dioxane respectively) were deter- 
mined. The results of these measurements made at 
approximately 25°C give for a dielectric constant of 
67.0 a mass action equilibrium constant of 0.0025 and 
for a dielectric constant of 56.5 a mass action equilibrium 
constant of 0.00069. The results of the calculations for 
all solvents tested are summarized in Table ITI. 

According to K. Laidler'® the rate of change of the 
specific rate of reaction of a pair of reacting ions of 
charges 2; and 22 with the reciprocal of the dielectric 


TABLE III. Summary of results. 








(25°C) 
k2X1077 
K (acoustic) K (conduct.) kiX10-4 = (liter/mole 
D (mole/liter) (mole /liter) (sec) sec) 
78.5 0.00638 69 11 
67.0 0.0024 0.0025 82 34 
56.5 0.00065 0.00069 39 60 








® Taken from reference 13. 


15 William H. Banks, J. Chem. Soc. (London) 3341 (1931). 
16 K. Laidler, Chemical Kinetics (McGraw-Hill Book Company, 
Inc., New York, 1950), p. 129. 
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Fic. 3. Specific rate of ion association as a function of dielectric 
constant at 25°C. The theoretical slope according to Eq. (12) 
is drawn in for comparison. 


constant is given by the following equation. 
d(logks)/d(1/D) = — 2122 loge/krT. (12) 


In our case 2; and —2: equal 2 and the mean ionic 
diameter r has the value of 3.08X10-* cm.? The 
logarithm of the specific rate constant k» is plotted in 
Fig. 3 against the reciprocal of the dielectric constant 
and the theoretica! slope is drawn in for comparison. 

It is seen from the plot that the specific rate of 
association increases with the reciprocal of the dielectric 
constant as it should if ions of the opposite sign are 
involved but apparently not in a linear fashion. The 
positive increase of k2 gives further credence to the 
dissociation hypothesis. 


INFLUENCE OF THE IONAL CONCENTRATION 


Experimental work on the effect of the ional concen- 
tration on the sound absorption phenomenon in dilute 
magnesium sulfate solutions is furnished by G. Kurtze 
and K. Tamm.' The effect on the excess sound absorp- 
tion in aqueous magnesium sulfate solutions of adding 
sodium chloride which has no appreciable sound 
absorption of its own has been quantitatively inves- 
tigated by them. They have also investigated the effect 
of adding either magnesium chloride or sodium sulfate 
to a magnesium sulfate solution on the excess sound 
absorption. 

The effect of adding sodium chloride to a magnesium 
sulfate solution is to decrease the excess sound absorp- 
tion. In fact, Tamm resports that the ratio of the 
incremental change in excess sound absorption to the 
new value with sodium chloride added is linearly 
related to the ratio of concentration of sodium chloride 
to concentration of magnesium sulfate. The propor- 
tionality constant determined experimentally by Tamm 
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is given as 3 and is independent of the concentration of 
magnesium sulfate. 

This result can be explained on the basis of the 
Debye-Hiickel theory of ionic interaction. The effect of 
adding the sodium chloride is to increase the ional 
concentration which according to Eq. (7) reduces the 
mean activity coefficients of the magnesium and sulfate 
ions. Thus according to Eq. (10) the degree of dissocia- 
tion a should increase. Tamm reports that the relaxation 
frequency remains unchanged; thus, the increase in a 
will account for the decrease in uw according to Eq. (4). 

Calculations based upon approximate equations 
derived by K. Laidler'’ for the dependence of reaction 
rate upon ional concentration were used to calculate 
Au/u as a function of the ratio of concentration of 
sodium chloride to concentration of magnesium sulfate. 
The equations apply strictly only at very low concentra- 
tions so that the agreement with experiment is only 
qualitative. Calculated values of Au/y for a concentra- 
tion of magnesium sulfate of 0.01 molar are compared 
with values expected according to Tamm’s rule in 
Table IV. 

Tamm reports that the excess sound absorption of a 
magnesium sulfate solution was increased by the 
addition of either magnesium chloride or sodium sulfate 
and that the excess sound absorption asymptotically 
approached a maximum value as more and more of 
either salt was added. Furthermore the amount of the 
final increase was less at 0.04 molar concentration of 
magnesium sulfate than at 0.01 molar concentration. 
These results can likewise be explained on the basis of 
the Debye-Hiickel theory. 

In the case where the concentration of sulfate ions 
is not equal to the concentration of magnesium ions 
Eq. (3) becomes 

K=ca(m—1+a)f,2/(1—a). (13) 

A and B may be defined so that increasing either the 
sulfate concentration and keeping the magnesium 
concentration constant or vice versa makes m in Eq. 
(13) increase. Thus a will tend to decrease. However, 
the ional concentration increases as one adds, for 
example, sodium sulfate so that according to Eq. (7) the 
mean activity coefficients decrease which tends to 
compensate the increase in m. Thus as one adds, for 
example, sodium sulfate, the value of a might reasonably 


TABLE IV. Salt effect. 














(NaCl) Ap® Apb 
(MgSO,) - a 
0.0 0.0 0.0 

1.57 0.170 0.314 
3.93 0.617 0.785 
6.26 1.62 1.25 
8.73 2.10 1.75 
2:2 2.41 2.24 








8 Calculated using Eq. (4), approximate values of a, and reference 17. 
> Calculated using Tamm’s rule: Au/p = (NaCl)/5(MgS0Os). 


17 See reference 16, page 126. 
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be expected to diminish and approach asymptotically 
to some low value. Likewise the effect on a should be 
proportionally less as the concentration of magnesium 
sulfate is increased because the ional concentration is 
greater. Since Tamm reports that the relaxation fre- 
quency remains constant, reference to Eq. (4) shows 
that the reported behavior of u may be accounted for 
by the expected behavior of a. 

Calculations based upon approximate equations 
derived by K. Laidler'’ were carried out, but are not 
reported here. The results showed qualitatively the 
predicted behavior of » but gave poor quantitative 
agreement, presumably because the concentrations 
considered are much too high for the simple Debye- 
Hiickel theory to hold. 

Tamm and Kurtze also report that adding either 
H2SO, of HCl to a magnesium sulfate solution caused a 
decrease in the excess sound absorption. The excess of 
hydrogen ions should considerably complicate the 
mechanism by the formation of HSO,_. 


INFLUENCE OF THE TEMPERATURE 


It is well known that the specific rate constants are 
exponentially dependent upon the  temperature.'® 
Referring to Eq. (9) one sees that the temperature 
dependence of x should thus be determined by the 
temperature dependence of the specific rate of molecular 
dissociation. 

The term multiplying &; in Eq. (9) should vary only 
slightly with temperature since according to the 
Debye-Hiickel theory the temperature always appears 
multiplied by the dielectric constant. In the range of 
temperatures from 0°C to 80°C the product DT varies 
by only ten percent.? Thus both a and Fca should 
change very little. Any slight change with temperature 
should be masked by the exponential behavior of fy. 

The linear dependence of the logx on the reciprocal 
of the absolute temperature reported by Tamm! is 
thus explained. The experimental activation energy 
estimated by Tamm is apparently the activation energy 
of molecular dissociation. 

The experimental activation energy of dissociation 
determined by Tamm is 6.5 kcal/mole. From this value 
and the values of the dissociation mass action equili- 
brium constant for magnesium sulfate determined at 
18°C and 25°C, the activation energy of association is 
estimated to be 8.5 kcal/mole." 

Tamm reports a detailed series of measurements for 
a 0.05 molar solution of MgSO, from 11°C to 80°C. 
The value of a for a 0.05 molar solution may be cal- 
culated as mentioned above in the discussion of the 
water solvent results. The values of the compressibility 
over this range of temperatures may be estimated from 
the speed of sound as a function of temperature.'9 





'§ See reference 16, page 57. 
“%E. E. Dorsey, Properties of Ordinary Water Substances 
(Reinhold Publishing Corporation, New York, 1940). 
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TABLE V. Temperature dependence of the maximum excess sound 
absorption in a 0.05 molar solution of magnesium sulfate. 











u X10 

Temp. u X104 (estimated from 

(calculated) Tamm’s work) 
0 1.85 tee 
10 1.90 1.8 
20 1.94 1.9 
30 1.94 2.0 
40 1.93 1.9 
50 1.90 1.8 
60 1.86 1.5 
70 1.82 tee 
80 1.76 12 








The expected values of u for this concentration and this 
range of temperatures have been calculated using the 
average value of (AV)?=9.2X 10-3 (cm?/mole)? and are 
given in Table V. The calculated values are to be 
compared with values estimated from Tamm’s pub- 
lished results.! 
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GLOSSARY OF SYMBOLS 


a amplitude attenuation coefficient (cm) 

associating ions of opposite sign 

A term appearing in the Debye-Hiickel formula, 
Eq. (7)8 

c concentration (moles liter—) 

D _ dielectric constant 

molal mean squared activity coefficient 

F function defined by Eq. (6) 

k Boltzmann’s number (erg°K~") 

k; — specific rate of molecular dissociation (sec) 

k. — specific rate of ion association (liter mole sec~) 

K dissociation mass action equilibrium constant 
(mole liter) 

m ratio of concentration of B to A 

P _ total pressure (dynes cm~) 

r mean ionic diameter (cm) 

R__ gas constant (erg mole °K-") 

S term appearing in the Debye-Hiickel formula, 
Eq. (7)8 

T absolute temperature (°K) 

V_ molal volume (cm? mole) 

molal volume change near equilibrium conditions 

(cm? mole) 

X,Y nonassociating ions of opposite sign 







z; number of units of charge on the 7th ions 
a fraction of A in the dissociated state 
isothermal compressibility of solution (cm? dyne~) 
Bo isothermal compressibility of solvent (cm? dyne~) 
6’ isothermal compressibility factor due to the 
perturbed chemical mechanism (cm? dyne~) 
IT (=%5cz?) ional concentration (mole liter) 


BIES 


electronic charge (esu) 

concentration of key element 

relaxation frequency (sec~) 

acoustic wavelength (cm) 

maximum excess sound absorption per wavelength 
activity product, molal units 

2m times the acoustic frequency (sec~) 
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The infrared spectra for the gaseous and liquid states, and the Raman spectra for the liquid state, including 
intensity and polarization data, are reported for ethyl cyanide (C2.H;CN). A normal coordinate treatment 
has been made for four planar and five nonplanar skeletal vibrational modes. The observed spectra are in 
accord with a C, model for this molecule. A complete assignment of frequencies to the fundamental modes 
of vibration is made for ethyl cyanide. From the spectroscopic data, the height of the barrier hindering 
internal rotation is estimated to be 5200 cal. The thermodynamic functions for ethyl cyanide have been 


calculated to 1000°K. 


INTRODUCTION 


HE vibrational infrared and Raman spectra of 
the simple aliphatic nitriles have been the subject 
of interest in a number of investigations concerned with 
the molecular structure and thermodynamic properties 
for polyatomic systems. In the dinitrile series, cyanogen! 
and, more recently, malononitrile? are reported, while 
for the mononitriles, hydrogen cyanide,! methyl 
cyanide,** and acrylonitrile’ have been treated. The 
present communication reports an investigation of ethyl 
cyanide (propionitrile), the next higher homolog in 
the aliphatic mononitrile series. 

Two minor investigations’’® of the spectrum for 
liquid ethyl cyanide have been made. Barchewitz and 
Parodi on a wire-grating spectrograph of their own 
construction report five bands in the far infrared. Their 
ethyl cyanide sample was dissolved in an unspecified 
paraffin, and neither intensities nor transmission curves 
were given. In view of this, the work is felt to be un- 


* Abstracted in part from a thesis submitted by Norman E. 
Duncan in partial fulfillment of the requirements for the degree 
Doctor of Philosophy from Rensselaer Polytechnic Institute. 

ft Present address: Shell Oil Company, Research Department, 
Houston 1, Texas. 

1G. Herzberg, Molecular Spectra and Molecular Structure, II 
(D. Van Nostrand Company, Inc., New York, 1945). 

2 F. Halverson and R. J. Francel, J. Chem. Phys. 17, 694 (1949). 
( ai) M. Badger and S. H. Bauer, J. Am. Chem. Soc. 59, 303 

1937). 
4P. Venkateswarlu, J. Chem. Phys. 20, 923 (1952). 
( a Gunthard and E. Kovats, Helv. Chim. Acta 35, 1190 
1952). 
( 6 _ Stamm, and Whalen, J. Chem. Phys. 16, 808 
1948). 
7 P. Barchewitz and M. Parodi, Compt. rend. 209, 30 (1939). 
8 R. Kitson and N. Griffith, Anal. Chem. 24, 334 (1952). 





reliable. Kitson and Griffith in a study of the nitrile 
stretching frequency report a value of 2249 cm™ for 
the liquid. The infrared spectrum of the vapor has not 
previously been investigated. There have been four 
previous investigations” of the Raman spectrum of 
ethyl cyanide. Only Bishui® reports depolarization 
data, and these are qualitative. The spectrum was 
remeasured to confirm the previous results and to 
obtain quantitative depolarization values. 


EXPERIMENTAL 


The ethyl cyanide used in the present work was ob- 
tained by fractional distillation of a commercial product 
(Eastman Kodak P528) after drying over P2,O;. The 
physical constants of the purified specimen were: 
np” = 1.3633 and dy>=0.755 (lit. 1.36353 and 0.77682, 
respectively). 

A Perkin-Elmer model 12B spectrometer, equipped 
with LiF, NaCl, and KBr prisms, was used for the 
infrared investigations. The spectrum of the liquid 
was obtained using a 0.1 mm fixed-space cell with NaCl 
or KBr windows. In the LiF and NaCl prism regions 
a 0.025 mm cell thickness was required to resolve some 
of the more intense bands. A record of the liquid 
spectrum of ethyl cyanide is shown in Fig. 1 as percent 
transmission versus frequency in cm“. 

The fact that ethyl cyanide is stable when in contact 
with air facilitated the recording of the vapor trace. A 


9A. Dadieu and K. Kohlrausch, Monatsh. 56, 461 (1930). 

1 A. Reitz and R. Skrabal, Monatsh. 70, 398 (1937). 

11 L, Howlett, Can. J. Research 4, 80 (1931). 

2B. Bishui, Indian J. Phys. 22, 167 (1948). 

13 R. Dreisbach and R. Martin, Ind. Eng. Chem. 41, 2875 (1949). 
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steady stream of nitrogen was passed through a 
saturator column containing the liquid cyanide. The 
nitrogen stream containing the ethyl cyanide vapor 
was passed through the one-meter path gas cell while 
the cell was in place in the spectrometer. At saturation 
equilibrium, the partial pressure of the ethyl cyanide 
within the cell is equal to its vapor pressure at the 
temperature of the saturator (room temperature). With 
the spectrometer set on a strong band, it was easy to 


TABLE I. Infrared absorption of ethyl cyanide. 











Vapor Liquid Vapor Liquid 
416 ? 416 W 2256 P 
2265 Q A 2252 S$ 
456 ? 2273 R 
471 ? 2405 ? 2439 VW 
522 P 2461 ? 
—— 545 M 2464 VW 
539 R 2473? 
665 2? 670 VW 2520 Q C 2520 W 
izes ? 2631 P 
? 754 M B 2628 W 
739 R 2648 R 
ie OQ C 784 S - 2752 W 
840 ? 836 W 2761 P 
B 2778 W 
1000 P 2778 R 
1008 Q A 1004 M 
1017 R 2862 ? 2851 M 
1070 P 2898 P 
B 1075 §S B 2900 S 
1086 R 2917 R 
1146 ? 2962 sh 
? 1164 W ? 2958 S 
1163 ? 2976 ? 
1312 P 3008 Q C 2999 VS 
1318 Q A 1316 M 
1331 R ; 3091 ? 
3085 W 
1383? 1386 S 3109 ? 
1431 S 3208 ? 3206 VW 
1462 Q C 1461 VS 3260 ? 3250 W 








determine when equilibrium was reached as the band 
intensity would be at a maximum. Figure 2, the in- 
frared absorption spectra of ethyl cyanide vapor, was 
obtained with a partial pressure of 50mm of Hg of 
the ethyl cyanide. In two small regions the bands could 
only be resolved at partial pressures much lower than 
this. 

The observed infrared bands are listed in Table I. 
The vapor bands are termed type A, B, or C depending 
on whether the Q-branch is observed to be weak, 
absent or strong, relative to the P- and R-branches. 
A question mark is placed beside those bands which, 
due either to weak intensity or to overlapping of 
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MOLECULAR STRUCTURE AND VIBRATIONAL SPECTRA, C:H;CN 





Fic. 1. The infrared spectrum of ethyl cyanide liquid with a 
cell thickness of 0.1 mm (a 0.025-mm cell was also used in the 


FREQUENCY IN CM 


NaC] and LiF regions to resolve the more intense bands). 


neighboring bands, could not be typed. The intensities 
of the liquid bands are recorded as very weak, weak, 


medium, strong, or very strong. 


The 1386 cm™ band was difficult to locate on the 
single beam instrument due to water-vapor overlapping 
this spectral region. To determine the location of this 
band the spectrum was reinvestigated on a Perkin- 


Elmer Model 21 double beam instrument." 


For the study of the Raman effect, a medium quartz 
spectrograph, the Hilger 3.303, and a modified Hilger 
Raman source, were available. Excitation in all cases 
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Fic. 2. The infrared spectrum of ethyl cyanide vapor 
with a one meter path gas cell. 








4 The Perkin-Elmer Model 21 double-beam infrared spectrom- 
eter was made available through the courtesy of Dr. Frederick 
C. Nachod of the Sterling-Winthrop Research Institute, Rens- 


selaer, New York. 
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Fic. 3. The Raman spectrum 
of ethyl] cyanide. 
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was by Hg 4358 and all spectra were recorded on East- 
man 103a-J plates. A saturated solution of sodium 
nitrite (effective path 10mm) absorbed wavelengths 
below 4358 quite satisfactorily. An aqueous rhodamine 
solution (0.075 g of rhodamine, 5 g DN extra per liter of 
water—10 mm effective path) was used to absorb in 
the blue-green and blue regions. The double exposure 


method'® of measuring depolarization factors as criti- 
cally evaluated by Crawford and Horowitz was used. 
For plate intensity calibration, a ten-watt light bulb 
with a cobalt-blue glass filter as source_was used in 
conjunction with a 1-to-1.5 two-series seven-step sector 
rotating at approximately 1500 rpm. The sector disk was 


% B. Crawford and W. Horowitz, J. Chem. Phys. 15, 268 (1947). 
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MOLECULAR STRUCTURE AND VIBRATIONAL SPECTRA, C2HsCN 


placed immediately in front of the slit. Line densities 
were obtained with a Leeds and Northrup recording 
microdensitometer and were transformed into relative 
intensities by means of a calibration curve. The usual 
method of correcting for background was followed. 
Enlarged reproductions of the Raman spectrum and of 
the polarization spectra are given in Fig. 3 along with 
their microphotometer tracings. Figure 3(A) is the 
spectrum of ethyl cyanide with a helium reference 
spectrum superimposed. On the longer exposures, 
excitation of some of the stronger lines by Hg 4047 was 
apparent. 

The Raman frequencies are given in Table II. The 
intensities determined microphotometrically and un- 
corrected for plate sensitivity irregularities are given 
on a scale of 1 to 100 with the 2942 cm™ line being as- 
signed a value 100. Figures 3(B) and 3(C) are polarized 
spectra and represent the perpendicular and parallel 
exposures, respectively. A calibration spectrum was 
placed on each of these plates with the step-sector wheel 
and the relative exposures produced by the various 
apertures were treated as relative intensities. The emul- 
sion calibration curves were then used to determine the 
intensities of the Raman lines in (B) and (C). The de- 
polarization factors, p,»=I1,/I,,, of the Raman lines are 
reported in Table II. 


THEORETICAL 


From chemical evidence the general configuration of 
ethyl cyanide is relatively certain. Figure 4 illustrates 
that different configurations can only be obtained by 
rotating the methyl group about the C—C bond. The 
model with the maximum symmetry possible, belonging 
to the symmetry point group C,, was chosen for the 
present treatment. The reduced vibrational representa- 
tion of this molecular point group is ! vib=13A’+8A”, 


TABLE II. The Raman spectrum of liquid ethyl cyanide. 
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Fic. 4. Parameters of ethyl cyanide. 


where A’ and A” designate the vibrations symmetric 
and antisymmetric with respect to the plane of sym- 
metry. A normal coordinate treatment for the planar 
skeletal vibrations is reported in this work. — 

The internal coordinates listed in Table III were 
assigned by reference to the work of Decius.'* The 
symmetry coordinates selected were S;=AX ; S2= (AP; 
+AP,)2-?; S3= (APi:—AP,)2—; S4=An; S;=Ag, 
and the resulting symmetric F matrix is shown in Fig. 5. 
The values of the force constants in the F matrix were 
selected from values for related molecules. F22, F33, F'ss, 
and F292 were taken as 4.95X10°, 4.5010°, 0.34 
<10-", and 0.34X10-" dyne cm™, respectively, from 
malononitrile’, and Fas, F x6, 16, Fy, 17) Fs, 18, F 9, 195 So; 
and fies as 0.79X10-", 0.5110", 0.63 10—", 0.57 
X10", 0.51 10-", 0.73 10-*, and 0.06X10-" dyne 
cm from hydrocarbon molecules.” The elements of 
the symmetric G matrix (Fig. 5) were written using the 
Decius inverse kinetic energy matrix elements.'* In the 


TABLE III. Internal coordinates for ethyl cyanide. 





This 





Dad R+S> Howe Bishd work Int pn 
222 221 220 218 D 226 15 1.10 
385 382 370 377 D 378 11 0.83 
545 545 540 549 P 548 15 0.2; 
vee vee vee 674 P 674 3 ?pol 
see 786 tee see 784 3 0.83 
841 835 840 840 P 838 30s 0.1 

1010 1003 see 1006 P 1010 23s «0.5 

van 1072 1080 1075 P 1078 19 0.2. 

1256 1261 1260 1260 P 1270 4 0.8 

1316 1316 1310 1316 D 1322 7 ~~ «0.4; 
oes aus a wie one 1374 4 ?pol 

1429 1429 1430 1432 D 1436 16 = 0.85 

1469 1462 1470 1472 D 1466 17 1.00 

2246 2243 2240 2250 P 2251 67 ~— 0.2 

2842 2837 tee see 2850 Zz 62 

2897 2890 2900 2900 P 2898 39s 0.2; 

2941 2942 2950 2948 P 2949 100 = 0.24 

2996 2996 3000 2997 D 3001 39—s«(0..8; 








* See reference 9. >See reference 10. ° See reference 11. 4 See reference 12. 








Type Symbol Number Description*® 
Stretching P; 2 C;—C; 
R; 2 Ci— Hi; 
Ts 2 C;— Hx 
S 1 C—Hi; 
x 1 C-N 
Bending aj 2 Hy;—Ci— His 
B 1 Hiu—Ci-— Hie 
¥ 1 Hai— C3— H32 
6; 2 H};—Ci—C; 
€ 1 Hi3—Ci—C3 
§5; 4 H3;—C;—C; 
n 1 Ci;—C3—C2 
yg 1 C;—C.—N 
¢’ 1 C;—C.—N 
Twisting T 1 Hi3—Ci—C3—Ce 








® Model and subscripts refer to Fig. 4. 


16 J. C. Decius, J. Chem. Phys. 17, 1315 (1949). 
17 R. Rasmussen, J. Chem. Phys. 16, 712 (1948). 
18 J, C. Decius, J. Chem. Phys. 16, 1025 (1948). 
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hicethdibeaanes to CH: rock, ve9= 366 cm corresponding to C-C—N 
; $, . . . bending. 
' : . : No attempt has been made to obtain more precise 
S, F, # k, “dt ‘ P values of the force constants in the present work. Exact 
‘. vis agreement between the observed and calculated fre- 
3 oer P “ ‘ quencies should not be expected owing to the estimated 
! ." 9, ° 
es) values of the force constants used. In view of the 
epametie iit @0 ‘ . generally good agreement, the choice of the force con- 
on ao eS stants would seem fundamentally sound. 
oan S, ‘ ; The principal axes and the principal moments of 
ee a inertia were calculated by the methods of Crawford! 
f . r and Hirschfelder.* For this purpose the C—C, C—H, 
7 . and C=N bond lengths were assumed to be 1.50, 1.09, 
ie and 1.16A° respectively. The principal axes are termed 
a,.b, and c depending on whether the moment of inertia 
about the axis is least, intermediate, or greatest in 
THE G MATRIX magnitude. The moments of inertia about these were 
. ‘ ‘ , : found to be: 74=31.2K10- g/cm’; Jg=173.9X 10 g/ 
2 3 a s cm?*; I¢=194.5X10-° g/cm? 
| Ss a : 73 
i.e ei” es * ¥ ASSIGNMENT OF OBSERVED FREQUENCIES 
| Sp a § Hays Me) sda ™ The nine atoms of the molecule collectively possess 
FE anette. én] SinTA cng | __ SINNMen, twenty-one degrees of vibrational freedom. Table IV 
symmetric tg, jatteayte) 2"k shows how these degrees of freedom are divided among 
k + } about we seein ; sin nsten the two species A’ and A” of the point group C,, and 
p* te diogonal tog [K (Heut aeye {2 Me + the most probable type of distortion which contributes 
aa Ln ae most to the vibration in question. Both species are 
~ fear Heng P Hu Raman and infrared active (all the twenty-one normal 
1 _[ +k +P) Me vibrations theoretically should appear in both spectra) ; 











Fic. 5. The F and G matrices for the planar vibrations. 


calculation, the force constant for the C=N stretching 
frequency (S;=AX) was put equal to infinity since this 
frequency is known to be about 1000 cm“ higher than 
the rest. The calculated frequencies thus were found as: 
vi=1078 cm™ corresponding to asymmetric carbon 
stretch, v2=835cm™ corresponding to symmetric 
carbon stretch, v3= 486 cm corresponding to C—C—C 
band, v4= 252 cm corresponding to C—C—N bending. 

The symmetry coordinates selected for the out-of- 
plane vibrations were: Sy=(AT2,—AT7))2“”"; Sis 
= (AR2—AR})27";, Sig= (Aa2—Aai)271?;, S7= (AE — 
Aé12— Ao: + Ako2)4-?; Syg= (Ab2— A61)27?; Sig= (AEs 
— Aféjo+Ako1— Aéo2)4-"?; Soo=Ag’. The internal co- 
ordinates used for this all relate to motions antisym- 
metric to the plane, and each symmetry coordinate is 
constructed from equivalent internal coordinates. A 
reduction of the resulting F and G matrices (order 7) 
to order 5 is possible by neglecting the Sy, and S45 
coordinates which describe C—H modes of frequencies 
considerably higher than the rest of the out-of-plane 
modes. These matrices were obtained by reference to 
the work of Decius.!*!* This calculation gave the fol- 
lowing results for the out-of-plane skeletal modes: 
vig= 1453 cm corresponding to CH; bending, v17= 1251 
cm~ corresponding to CH» twist, v1s= 1095 cm™ cor- 
responding to CH; rock, v1s=896 cm™ corresponding 


however, the Raman lines of species A’ are polarized 
while the Raman lines of species A” are depolarized. 
The degenerate CH; stretching frequencies v;(a’) and 
vi4(a’’) are assigned to the type C vapor band in the 
infrared at 3008 cm™. The strong depolarized Raman 
line at 3001 cm makes this assignment quite definite. 


TABLE IV. Designation, character, species, and activity of 
the normal vibrations of ethyl cyanide. 











Description A’ Pad 
CH; nonsym. stretch v1(a’) vi4(a"’) 
CH: nonsym. stretch v15(a’’) 
CH; sym. stretch vo(a’) 
CH: sym. stretch v3(a’) 
C=N stretch vs(a’) 
CH; nonsym. deform. v;(a’) vi6(a’’) 
CH, deformation ve(a’) 
CH; sym. deform. v7(a’) 
CHe wag vs(a’) 
CH: twist vi7(a"’) 
CH; nonsym. rock vie(a’’) 
C—C nonsym. stretch vg(a’) 
CH; sym. rock vi0(a’) 
C—C sym. stretch vi1(a’) 
CH? rock vi9(a"’) 
C—C—C bend v12(a’) 
C—C=N bend v20(a"") 
C—C=N bend v13(a’) 
CH; torsion vo (a) 
Activity R. pol. I. R. depol. I 








19 B. Crawford, J. Chem. Phys. 8, 273 (1940). 
2 J. Hirschfelder, J. Chem. Phys. 8, 431 (1940). 
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Then v2(a’) the symmetric methyl stretching would 
be the type B vapor band at 2909 cm—. The polarized 
Raman line at 2898 cm“ supports this. The 2949 cm= 
line in the Raman is assigned to symmetric methylene 
stretching v3(a’). Asymmetric methylene stretching 
y:3(@’”) is then assigned to 2850 cm=! in the Raman. 

The C=N stretching frequency »(a’) is well known 
and may be unambiguously assigned to the type A 
band at 2265 cm“. 

Of the frequencies below 1500 cm~, most of them 
can be assigned directly as their location is well known 
from other molecules. 

The methyl group attached to a heavy framework has 
three internal deformation vibrations, one symmetrical 
and two approximately doubly degenerate asymmetri- 
cal modes. The two doubly degenerate vibrations appear 
in the range 1440 to 1470 cm™ and are intense in both 
infrared and Raman spectra. The symmetrical deforma- 
tion bend occurs as an intense infrared band near 1380 
cm but the corresponding Raman line is usually 
missing. The observed spectra of propionitrile fit this 
pattern well and on this basis the type C vapor band 
at 1462 cm is assigned to v;(a’) and v;.6(a’’) and the 
infrared band at 1383 is made v7(a’). The Raman spectra 
support these assignments the 1466 cm™ moderately 
strong line being depolarized and the 1374 cm™ being 
very weak. 

The bending vibration of the methylene group, 
y(a’), is internal in type and is assigned to the infrared 
band at 1431 cm~. The Raman line at 1436 cm“ has a 
depolarization factor close to 0.86, but as the line is 
sharp it is a polarized line. 

The wagging motion of the methylene group »s(a’) 
is well characterized at approximately 1320 cm~. The 
change in the dipole moment during this vibration 
takes place in a direction parallel to the least principal 
axis of the molecule and accounts for the fact that the 
1318 vapor band in the infrared is a type A band. The 
results of the Raman measurements on this line indicate 
that it is a polarized line in agreement with the observa- 
tions of a type A band in the infrared vapor and in 
disagreement with the observation” of Bishui that it 
is a depolarized line. 

The twisting motion of the CH» frequency 717(@”) is 
assigned to the weak infrared band at 1260 cm”. 
During a twisting motion there is little change in the 
dipole moment and, therefore, the vibration is very 
weak in the infrared. The calculated value of the CH» 
twisting mode is 1251 cm~'. The assignment is in agree- 
ment with the depolarization factor of 0.89 that was 
observed. In view of the weakness of the 1270 cm™ 
Raman line the incorrect report! of the line as polarized 
may be understood. 

The methyl asymmetric rock »s(a’’) is assigned to 
the 1155cm™ type B band in the infrared vapor. 





sss, Sheppard and D. Simpson, Quart. Revs. (London) 7, 22 
53). 





MOLECULAR STRUCTURE AND VIBRATIONAL SPECTRA, C:H;CN 
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TABLE V. Vibrational assignment for all observed 
infrared and Raman frequencies. 











Gas Liquid Liquid 
Assignment infrared infrared Raman 

vis(a’) C—C=N bend 226 M 1.10 
va(a’’) CHs torsion (293) 
v20(a”’) C—C=N bend 378 M 0.88 
2v13(a’) =A’ 416 ? 416 W 
vs(a’) —v10(a’) =A’ 456 ? 
vg(a’) —vi1(a’) =A’ 471 ? 
vi2(a’) C—C—C bend 531 B 545 M 548 M 0.25 
v2i(a’’) +y20(a"’) =A’ 665 ? 670 VW 674 VW pol 
vie(a’”’) —vig(a’”’) =A’ ; 
2v20(a"’) =A’ 734 ? 754 M 
vig(a’’) CHe rock 783 C 784 S 784 VW 0.83 
vii(a’) C—C sym. stret. 840 ? 836 W 838 S 0.16 
vio(a’) CH3 sym. rock 1008 A 1004 M 1010 S$ 0.58 
vg(a’) C—C nonsym. st. 1078 B 1075 S 1078 M 0.26 
vis(a’’) CHz nonsym. rock 1155 B 1164 W 
viz(a’’) CHe twist 1260 VW 1270 VW 0.89 
vs(a’) CHe wag 1318 A 1316 M 1322 W 0.47 
v7(a’) CH3 sym. bend 1383 ? 1386 M 1374 VW pol 
ve(a’) CHe deform. 1431 S 1436 M 0.89 
vs(a’); vis(a’’) CH3 non- 

sym. def. 1462 C 1461 VS 1466 M 1.00 
va(a’) C=N stretch 2265 A 2252 S 2251 VS 0.28 
vs(a’) +yr10(a’) =A’ 2439 VW 
v7(a’) +y9(a’) =A’ 2461 ? 2464 VW 
vio(a’) +y16(a’"’) =A” 
vs(a’) +r10(a’) =A’ 2473 ? 
2v17(a’”’) =A’ 2520 ? 2520 W 
2vs(a’) =A’ 2640 B 2628 W 
ve(a’) +vs(a’) =A’ 2752 W 2753 W ? 
vs(a’) +vs(a’) =A’ 2770 B 2778 W ; 
2v7(a’) =A’ 
vis(a’’) CHe sym. stretch 2862 ? 2851 M 2850 M 0.24 


vo(a’) CH3 sym. stretch 2909 B 2900 §S 2898 S 0.21 
v3(a’) CHe nonsym. str. 2976 ? 2958 S 2949 VS 0.24 
vi(a’); vis(a’’) CHs3 non- 

sym. str. 3008 C 2999 VS 3001 S 0.85 
va4(a’) +y11(a’) =A’ 3100 ? 3085 W 
vi(a’) +y13(a’) =A’ 3208 ? 3206 VW 
va(a’) +r10(a’) =A’ 3260 ? 3250 W 








The calculated value of 
1095 cm“. 

Methyl symmetric rock v;o(@’) can be characterized 
as the 1008 cm™ type A infrared vapor band. A sym- 
metric methyl rock involves a dipole moment change 
in a direction parallel to the least axis of the molecule. 

The pair of carbon-carbon stretching frequencies 
were assigned with the aid of the results of the planar 
calculation described in the preceding section. The 
calculated results are 835 cm™ for symmetric C—C 
stretching and 1078 cm™ for asymmetric C—C stretch- 
ing. The 840 cm line in the infrared is undoubtedly 
symmetric C—C stretching v:(a’). This is strongly 
supported by the intense, strongly polarized Raman 
line, 838 cm. The intense type B band at 1078 cm™ 
in the infrared is assigned to asymmetric C—C stretch- 
ing vg(a’). The Raman line at 1078 cm™ is of moderate 
intensity and is strongly polarized. 

Sheppard and Simpson”! report that the CH» rocking 
modes occur in the range 1100-700 cm™ as suggested 
by theoretical treatments. The vibrations cannot be 
identified in the Raman spectra but give rise to intense 
infrared absorption bands, particularly in the region 
720 to 770 cm. The theoretical treatment already dis- 
cussed predicts a frequency of 896cm™ for the CH2 
rocking mode. However there can be little doubt that 
the intense type C vapor band at 783 cm™ is the CH» 
rocking vibration. It is very, very weak in the Raman 
spectra and is a depolarized line. The skeletal C-C—C 
bending v12(a’) is assigned to the type B infrared band 


asymmetric methyl rock is 
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TABLE VI. The thermodynamic functions for 
ethyl cyanide (vapor, cal mole deg). 











Temperature 
(°K) (H®°—Ho)/T —(F°—H0°)/T C,® so 
298.16 11.814 55.998 17.225 67.812 
300 11.846 56.077 17.298 67.922 
400 13.705 59.734 21.324 73.439 
500 15.585 62.989 24.861 78.574 
600 17.416 65.992 27.962 83.408 
800 20.679 71.422 50.360 92.101 
1000 23.463 76.417 36.085 99.880 








at 545cm™. The out-of-plane C—C=N_ bending 
voo(a’’) is found at 378 cm in the Raman. However, 
the first overtone of v29(a’’) is observed at 734 cm™ in 
the infrared vapor and v20(a’’) thus has been assigned 
as 367 cm™. The frequency 754 cm™ in the liquid in- 
frared spectra is undoubtedly 229 indicating that the 
liquid frequency is 377 cm™. A similar difference be- 
tween centers in liquid and gas has also been observed 
for acetonitrile.* The C—C=N planar bending »;(a’) 
is assigned to the Raman frequency at 226 cm. The 
anomalous depolarization factor of this line is attributed 
to experimental difficulties, especially halation overlap 
from the exciting line. 

The remaining observed frequencies may be ex- 
plained as combinations, or overtones, of the above 
fundamental frequencies. The complete vibrational as- 
signment is summarized in Table V. The most interest- 
ing combination is the explanation of the weak infrared 
and Raman line at 670 cm“, It is not possible to satis- 
factorily explain this as a combination band of any 
observed lower frequencies. It may be explained as a 
difference band, i.e., v1¢(a’’) — v19(a’") = 677 cm A’ and 
can also be satisfactorily explained as a combination 
band of C—C=N out-of-plane bending and CH; tor- 
sion, i.€., v20(a’’) + v2; (a’’) = 670 cm—'A’. The latter leads 
to a value of 670—377=293 cm™ as the frequency of 
the torsional mode in the ethyl cyanide molecule. 

The height of the potential barrier restricting free 
internal rotation in ethyl cyanide may be calculated 
from the torsional frequency, and the Schrédinger wave 
equation, assuming a potential function of the form: 
V=1/2V.(1—cosn@), where Vo is the height of the 
potential barrier, ¢ the angle of rotation, and the 
number of peaks and valleys all identical. The problem 
was first solved by Nielsen,” and has recently been the 
subject of two excellent reviews. 4 With the value of 
293 cm“, it follows from this that the height of the 
barrier restricting internal rotation in ethyl cyanide is 
5200 cal. The barrier is larger than what has been ob- 


2 J. R. Nielsen, Phys. Rev. 40, 445 (1932). 
%K.S. Pitzer, Discussions Faraday Soc. 10, 66 (1951). 
% J. G. Aston, Discussions Faraday Soc. 10, 73 (1951). 
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served in hydrocarbons (e.g. ethane, 3000 cal), but 
recently a similarly large barrier has been observed in 
the alkyl fluorides (ethyl fluoride, 4100 cal).?5 The cause 
of the restricting barrier is not known, but is thought 
to be due to interaction of the electrons in the C—X 
bonds in adjacent singly bonded carbon atoms. A 
possible explanation of the larger barrier in ethy| 
cyanide may be in the polar nature of the C=N group. 
Hurdis and Smyth” have interpreted the large dipole 
moments of methy] and ethyl cyanides (3.94 and 4.00,) 
respectively as due to induction attributed to the polar 
nature of the cyano grouping. A direct calorimetric 
measurement of the entropy of ethyl cyanide would 
furnish an independent value for the barrier height 
in this interesting case. 


THERMODYNAMIC FUNCTIONS 


The calculation of the thermodynamic functions for 
a molecule from molecular and spectroscopic data and 
statistical thermodynamics is well established?’ and 
need not be described here. The heat content, free 
energy, heat capacity, and entropy for ethyl cyanide 
have been calculated at seven different temperatures 
from 298.16 to 1000°K, to a rigid rotator, harmonic 
oscillator approximation for the ideal gas state at one 
atmosphere pressure. The frequencies of the vibrations 
given in Table V for the gaseous state were used 
throughout; two of these frequencies (v13 and v2) were 
taken as one-half the value of the observed first over- 
tone. The contribution for the torsional fundamental, 
293 cm was evaluated from the tables of Pitzer and 
Gwinn.” The product of the three principal moments 
of inertia for the rotational contribution was found to 
be 105.5X10-"* g3 cm®. The thermodynamic functions 
are summarized in Table VI. 
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Compressibilities of Ozone, Oxygen, and Ozone-Oxygen Mixtures and the 
Thermodynamic Quantities for Pure Ozone* 


C. M. Birpsatt, A. C. JENKINS, AND F. S. DrPaoto, Linde Air Products Company, 
A Division of Union Carbide and Carbon Corporation, Tonawanda, New York 


AND 


J. A. BEATTIE AND C. M. Apt, Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received August 9, 1954) 


The compressibilities of ozone and ozone-oxygen mixtures were calculated from recently determined 
critical constants for pure ozone, and from well-established data for oxygen. Data for pure ozone, pure 
oxygen, and mixtures containing 20, 40, 60, and 80 mole percent ozone are presented. The calculated com- 


pressibilities of pure ozone are used to correct thermodynamic quantities for the ideal gas, computed from 
spectroscopic data, to real gas conditions. Experimental determination of the compressibilities would be 


difficult because of the unstable nature of ozone. 





THE COMPRESSIBILITIES 


HE characteristic constants for oxygen were de- 
termined from existing compressibility data. The 
Beattie-Bridgman equation of state 
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reproduces the experimental data for oxygen with an 

average deviation of 0.1 percent in the temperature and 

, pressure range here considered. The equation of state 
parameters for oxygen are given in Table I. 

From the values of the critical constants,! p, and T,, 

of ozone, and the following relations, the values of the 


served values for seven gases with an average deviation 
of 1 percent. 








R*T'2 RT, 
A,=0.4758 , a=0.1127—, 
Pe Pe 
RT. - RT, 
B,=0.18764——,,  b=0.03833——, (3) 
Pc pe 
RT¢ 
c=0.05 ; 
be 


The equation of state parameters for ozone calculated 
from these equations are also given in Table I. Critical 
values used were ¢-=—12.1°C and p,=54.6 atmos 
‘absolute. 

It has been found that the parameters of the mixtures 
can be expressed in terms of the composition and the 
constants of the pure gases by the method known as 
“combination of constants.” For a mixture of two gases 
at mole fractions x; and x2 the method gives: 


A om=— (4A ot +22A og)? 


Am = X10; +X202 
Bon= 0.25 (%1Boi+2%2Boo) 











ae ; ; . r. (4 
l characteristic constants in the Beattie-Bridgman equa- +0.75 (%1Bo1+-%2Boo!) (%1Bo!+-x2Boo!) (4) 
tion of state can be found. Su and Chang? found that = bm=%b1+2ebe 
these relations gave pressures which agreed with ob- Cm= (4161+ 202)? 
TABLE I. Equation of state parameters of ozone-oxygen mixtures.* 
) — 
Parameter 
composition, 
mole (%) Ao a Bo b cX10-4 Ao/R Bob X10 Aoa/R Boc X10-* BobcX1072 





100% O3, O%O2 4.0056 0.04429 0.07375 0.01506 

80% O3, 20% O2 3.405 2827 0.040556 0.067906904 0.01288 96 
. 60% O3, 40% O2 2.8536740 0.036822 0.06223 4355 0.01071 92 
| 40% Os, 60% O2 2.3507743 0.033088 0.05673 2356 0.00854 88 
20% O3, 80% O2 1.8965829 0.029354 0.051400904 0.00637 84 
0% Os, 100% O2 1.4911 0.02562 0.04624 0.00420 8 


34.95 48.81 3064 11 
26.70 4710 41.49 7474 8 
19.56 7066 34.77 5457 6. 
13.53 7065 28.64 7018 4 
3 
1 


106750 2.1619306 2.5775625 3.881 8091 
752928 1.6829716 1.813 4342 2.337 4441 
671025 1.2805019 1.217 7437 1.305 3238 
849936 0.947 8725 0.7679896 0.656 5389 
-27 8555 0.678 4340 0.442 8039 0.282 4380 
945779 0.4655372 0.2219520 0.093 3974 


8.614710 23.11 2148 
4.80 18.17 0851 








8 »=[RT (1 —6)/2?][v+B] —A/v?, A =Ao(1 —a/v), B=Bo(1 —b/v), ¢ =c/vT?. Units: atmosphere, liter per mole, °K (T°K =1°C 4273.13). 





*G. V. Su and C. H. Chang, J. Am. Chem. Soc. 68, 1080 (1946). 
*J. A. Beattie, Chem. Revs. 44, 141 (1949). 
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TABLE II. Virial parameters of ozone-oxygen mixtures.* 


BEATTIE, AND APT 








Temp. °C 


Composition 


mole (%) 


Virial 
parameters 


—112 


—100 


—75 


—50 


—25 


—12.1 





100% 
0% 


80% 
20% 


60% 
40% 


40% 
60% 


20% 
80% 


0% 
100% 


O; 
Oz 


O; 
O2 


O; 
O2 


Os; 
Oz 


Os; 
O2 


Os 
O: 


B/RT 
y/RT 
6/RT 


B/RT 
y/RT 
6/RT 


B/RT 
y/RT 
6/RT 


8/RT 
y/RT 
6/RT 


B/RT 
+/RT 
6/RT 


B/RT 
>y/RT 
6/RT 


—0.3127366 
+0.0061452 
+0.0000928 


—0.2534684 
+0.0052347 
+0.0000559 


—0.2003611 
+0.0043690 
+0.0000312 


—0.1534149 
+0.0035619 
+0.0000157 


—0.1126296 
+0.0028241 
-+0.0000068 


—0.0780053 
+0.0021641 
+0.0000022 


—0.2755434 
+0.0064097 
+0.0000748 


—0.2232429 
+0.0053511 
+0.0000450 


—0.1763348 
+0.0043825 
+0.0000252 


—0.1348190 
+0.0035100 
+0.0000127 


—0.0986956 
+0.0027375 
+0.0000054 


— 0.0679646 
+0.0020667 
+0.0000018 


—0.2175551 
+0.0064870 
+0.0000499 


—0.1758738 
+0.0052874 
+0.0000301 


—0.1384420 
+0.0042301 
+0.0000168 


—0.1052596 
+0.0033117 
-+0.0000084 


—0.0763267 
-+0.0025270 
+0.0000036 


—0.0516433 
+0.0018697 
+0.0000012 


—0.1764762 
+0.0062582 
+0.0000349 


—0.1421109 
+0.0050349 
+0.0000210 


—0.1112323 
+0.0039755 
+0.0000118 


—0.0838405 
+0.0030718 
+0.0000059 


—0.0599354 
+0.0023141 
+0.0000025 


—0.0395170 
+0.0016920 
+0.0000008 


—0.1458513 
+0.0059150 
+0.0000254 


—0.1168143 
+0.0047203 
+0.0000153 


—0.0907240 
+0.0036964 
+0.0000085 


—0.0675804 
+0.0028324 
+0.0000043 


—0.0473834 
+0.0021165 
+0.0000018 


—0.0301332 
+0.0015363 
+0.0000006 


—0.1329023 
+0.0057224 
+0.0000218 


— 0.1060837 
+0.0045525 
+0.0000131 


—0.0819912 
+0.0035538 
+0.0000073 


—0.0606249 
+0.0027145 
+0.0000037 


-—0.0419848 
+0.0020222 
+0.0000016 


—0.0260709 
+0.0014641 
+0.0000005 





Composition 


Temp. °C 


mole (%) 


Virial 
parameters 


0 


25 


50 


75 


100 


125 





100% 
0% 


80% 
20% 


60% 
40% 


40% 
60% 


20% 
80% 


0% 
100% 


O; 
O» 


O; 
O2 


O; 
O2 


O; 
O2 


O; 
Oz 


Os 
Oz 


B/RT 
y/RT 
6/RT 


B/RT 
y/RT 
6/RT 


B/RT 
+/RT 
6/RT 


B/RT 
y/RT 
8/RT 


B/RT 
y/RT 
6/RT 


8/RT 
y/RT 
6/RT 


—0.1221203 
+0.0055397 
+0.0000191 


—0.0971324 
+0.0043965 
+0.0000115 


—0.0746909 
+0.0034235 
+0.0000064 


—0.0547956 
+0.0026085 
+0.0000032 


—0.0374467 
+0.0019387 
+0.0000014 


—0.0226440 
+0.0014009 
+0.0000005 


—0.1031704 
+0.0051682 
+0.0000146 


— 0.0813636 
+0.0040854 
+0.0000088 


—0.0617952 
+0.0031685 
+0.0000049 


— 0.0444653 
+0.0024046 
+0.0000025 


—0.0293739 
+0.0017807 
+0.0000011 


—0.0165209 
+0.0012832 
+0.0000004 


—0.0876722 
+0.0048159 
+0.0000115 


—0.0684317 
+0.0037956 
+0.0000069 


—0.0511858 
+0.0029348 
+0.0000039 


—0.0359347 
+0.0022208 
+0.0000019 


—0.0226783 
+0.0016405 
-+0.0000008 


—0.0114166 
+0.0011803 
+0.0000003 


—0.0747487 
+0.0044885 
+0.0000092 


—0.0576236 
+0.0035292 
+0.0000055 


—0.0422955 
+0.0027225 
+0.000003 1 


—0.0287644 
+0.0020557 
+0.0000016 


—0.0170303 
+0.0015160 
+0.0000007 


—0.0070933 
+0.0010901 
+0.0000002 


—0.0637982 
+0.0041872 
+0.0000075 


—0.0484481 
+0.0032860 
+0.0000045 


—0.0347315 
+0.0025303 
+0.0000025 


— 0.0226484 
+0.0019075 
+0.0000013 


—0.0121987 
+0.0014051 
+0.0000005 


—0.0033824 
+0.0010104 
+0.0000002 


—0.0543941 
+0.0039111 
+0.0000062 


—0.0405557 
+0.0030645 
+0.0000037 


—0.0282133 
+0.0023562 
+0.0000021 


—0.0173667 
+0.0017741 
+0.0000010 


—0.0080160 
+0.0013060 
+0.0000004 


—0,0001611 
+0.0009396 
+0.0000001 








® pv/RT =1+8/RTv+7/RTv?+5/RTv*; Units: atmos, liter/mole, °K (T°K =#°C +-273.13). 


The parameters for various mixtures of ozone and 
oxygen are given in Table I. 

Table II presents the virial parameters 8/RT, y/RT, 
and 6/RT for ozone, oxygen, and their mixtures at 
—112°C, —12.1°C, and at 25-degree intervals from 
—100 to +125°C. 

Tables ITI-VIII give, at a series of temperatures and 
molal densities, the values of the compressibility factor 
pv/RT and the corresponding pressure » for ozone, 
oxygen, and their mixtures, as computed from equation 
(1) and the virial parameters listed in Table II. These 
values are plotted in Figs. 1-6. 

From the vapor pressures of pure ozone! and the 
equation of state, the values of the saturation molar 


volume and pv/RT for gaseous ozone given in Table IX 
were computed. 


THERMODYNAMIC PROPERTIES OF OZONE 


Klein, Cleveland, and Meister* have calculated and 
reported the thermodynamic properties for ozone as an 
ideal gas. Recent data from microwave spectra of 
ozone®'* indicate that the geometry of the ozone mole- 
cule is now better established, and more reliable values 
for its moments of inertia are available. Therefore, the 
following thermodynamic quantities have been recalcu- 

4 Klein, Cleveland, and Meister, J. Chem. Phys. 19, 1068 (1951). 

5 R. H. Hughes, J. Chem. Phys. 21, 959 (1953). 


6 Trambarulo, Ghosh, Burrus, and Gordy, J. Chem. Phys. 21, 
851 (1953). 
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PRESSURE, ATMOSPHERES 


Fic. 1. Compressibilities of 100 percent ozone. 
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PRESSURE, ATMOSPHERES 


Fic. 2. Compressibilities of a mixture of 80-mole percent ozone and 20-mole percent oxygen. 
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Fic. 3. Compressibilities of a mixture of 60-mole percent ozone and 40-mole percent oxygen. 
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Fic. 4. Compressibilities of a mixture of 40-mole percent ozone and 60-mole percent oxygen. 
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Fic. 5. Compressibilities of a mixture of 20-mole percent ozone and 80-mole percent oxygen. 
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TABLE IX. Saturation vapor volumes of ozone. F-H,° a oa 
cn ee ace 
Temp., Vapor pressure Vapor volume T T RT? T* 
~~ atmospheres Liters per mole pv/RT 
Fe—H,° 
—25 39.80 0.292 0.5711 ao ), 
—50 19.10 0.741 0.7735 T 
—75 7.403 1.956 0.8905 _ 2A, 12c 
— 100 2.412 6.44 0.9573 =C,°+] —_-+—_ 
—112 0.995 12.97 0.9759 >? “LRT? T!4 P, 
B.,, Ao, and ¢ are constants of the Beattie-Bridgman 





equation of state. Their values for pure ozone are re- 
ported in Table I; in this table 


TABLE X. The thermodynamic quantities of ozone 
as an ideal gas at 1 atmos. 








liter atmospheres 








—(F —Ho/T 
T°K (He—He/T) Secal/° mole cai/* wn So Cpe cal/° mole R=0.08206 ‘ 
degrees mole 
150 7.961 51.171 43.208 8.059 
200 8.022 53.519 45.505 8.374 p=atmospheres. 
250 8.138 55.444 47.308 8.847 r 
298.15 8.297 57.046 48.749 9.367 Since the standard values at T of (H°—H,°/T), S°, 
300 8.301 57.105 48.798 9.387 wih. Fe o : ° ‘ 
350 8.497 58.590 50.095 9.929 (F—H.*/T) and C,° are in cal/"K mole, the factor ¢ previc 
400 8.708 59.949 51.245 10.432 24.216 was used to convert the compressibility correc- hereaft: 
450 8.926 61.219 52.282 10.873 tions from liter atmos/°K mole to cal/°K mole. tensions of 
500 9.139 62.375 53.231 11.258 : | 
550 9.347 63.460 54.111 11.584 TABLE XI. Thermodynamic quantities of ozone as a real gas. a b 
: ; - ecariennas iquids. 




















(H —H.°/T) constant a’ 
lated: S°, —(F°—H.°/T). Also given in Table X are TK : caien penn eee tative estir 
values for C,° and (H°—H,?/T) at smaller temperature 200 7951 7 665 the Onsag 
intervals than those reported by Klein, Cleveland, and 298.15 8.272 8.173 8.048 the local fie 
Meister. In the rigid rotator-harmonic oscillator calcu- 350 8.481 8.415 8.332 the effect fe 
lations, the moments of inertia used were 7.8749 S cal/? mole taken into 
X10-°, 62.844K10-, and 70.888X10-" g cm’, and 200 53.474 50.094 a ene 

he fund i j f i 298.15 57.030 53.765 52.305 moment a 
t “— pennies vibrational ee used were 705 450 oa a0 $8 335 osone wie tee 
cm, 1043 cm~, and 1110 cm. teed 

It is possible to calculate the thermodynamic quan- — (F—H.°/T) cal/° mole age aage 
tities for the real gas using equation of state constants = “ ee __ acl ron Roselle 
calculated from the critical constants of ozone. 350 y 50.100 46,922 45, 570 ike seen 
The equations involved for 1 mole of gas are as When diel 
follows:? C, cal/° mole “lh Giese 
200 8.497 8.987 the isolate 

298.15 9.406 9.564 9.761 regarded a 

350 9.955 10.059 10.190 reaction fiel 


H-H,° Bo 2A 4c H°-—H,° 
(EC 
T : &e 2 T 


















In Table XI the final thermodynamic quantities for 
one mole of ozone as a real gas are given for pressures 
of 1, 5, and 10 atmos at temperatures of 200, 298.15, 
and 350°K. Values for 10 atmos and 200°K are omitted, 
as this pressure is above the saturation line. 
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A critical examination is given of a simplifying assumption made in an earlier calculation of the functional 
dependence of the integral dielectric constant of polar liquids on the applied field. It was assumed in this 
calculation that, for the cavity and reaction fields at all field strengths the usual expressions for low field 
strengths could be employed. It was pointed out that this simplification is plausible if the static dielectric 
constant is large compared with the optical dielectric constant. In the present note it is shown that, if it is 
postulated that the reaction field alone retains its conventional value, then the cavity field is appreciably 
increased by dielectric saturation. In the case of water the effect is equivalent to an increase of the external 
field by about 10 percent; a modified relation between the field and the dielectric constant is suggested. 

The alteration of the reaction field as a result of saturation, and the effect of this modification on the 


dielectric constant, are also examined. 





1. INTRODUCTION 


[‘ previous contributions! to this journal (referred to 
hereafter as I and II), the writer has developed ex- 
tensions of the Onsager and Kirkwood theories of the 
integral dielectric constant or permittivity of polar 
liquids. The aim of these extensions was to find the 


constant at high field strengths and so enable a quanti-_ 


tative estimate of the effect of saturation to be made. In 
the Onsager method, a single molecule is isolated and 
the local field acting upon it is calculated, assuming that 
the effect of the other molecules in the dielectric can be 
taken into account by regarding them as equivalent to 
a continuous medium. From the local field the mean 
moment along the direction of the external field can 
easily be calculated by the usual methods of statistical 
mechanics. The electronic polarization of the molecules 
may be taken into account by assuming that the 
permanent dipoles are embedded in a medium of dielec- 
tric constant n, n being the optical refractive index. 
When dielectric saturation in the medium surrounding 
the isolated molecule is ignored, the local field can be 
regarded as the sum of the cavity field G and the 
reaction field R: 





F=G-+R, (1.1) 
3€ 
G= E, (1.2) 
2e+n? 
2(e—n?) 
= —_—__—_——-. (1.3) 
n?a*(2e+n?) 


G represents the part of F arising from the external field 
E, whereas R is due to the effect of the dipole interaction 
with the medium. e is the ordinary macroscopic dielectric 
constant, @ the radius of the molecules (assumed 
spherical) and yu the dipole moment of the molecule in 
a medium of dielectric constant m?. When e¢ is much 
greater than n?, F can evidently be written in a form 
which is independent of ¢. In the modified Onsager and 


Streamate 


'F, Booth, J. Chem. Phys. 19, 391, 1327, 1615 (1951). 
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Kirkwood methods of I, it was assumed that this 
simplified form of F could also be applied even when e 
was not necessarily a constant independent of the 
applied field E, but was reduced by dielectric saturation. 
In the present note we shall examine the validity-of this 
approximation and enquire to what extent it is neces- 
sary to modify the previous calculation, if account is 
taken of the saturation of the medium near the specimen 
molecule. 

Even if ¢ were a known function of the field strength 
the complete calculation of F would be very difficult. In 
our case the exact problem is even more difficult, since 
the functional dependence of G on the field is to be 
deduced from the analysis itself. Detailed work is not, 
however, called for, in view of the other approximations 
involved when the theory is applied to real media. All 
that is required is some estimate of the correction to the 
previous calculation arising from saturation, in the 
evaluation of F. We shall show that an improved form of 
the theory can be given, provided that initially two 
simplifying assumptions are made: 


(a) The dependence of the macroscopic dielectric 
constant on the field strength can be expressed in the 
form 


io) 
e= ) aE”, 


r=0 


(1.4) 


provided of course the series is convergent. The a, are 
independent of Z, being determined by the structure of 
the medium. The assumption is very plausible if the 
medium is isotropic and not ferroelectric. Moreover, 
from Eq. (2.8) of I it is easy to show that the dielectric 
constant calculated there can be expressed in the form 
of Eq. (1.4) above, provided that 


(n?+2)u,E<2xkT, (1.5) 


that is, for E less than 1.1107 volts per cm at 25°C. 
It should be pointed out however that Eq. (1.4) implies 
that the dielectric constant is isotropic, whereas in fact 
the tensor must be anisotropic, the anisotropy being 
produced by the applied field. This anisotropy must 
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influence to some extent the local field, an effect which is 
automatically ignored by the use of an expansion of the 
form of Eq. (1.4). 

(b) The effect of dielectric saturation on the reaction 
field R may be ignored. This assumption was implicitly 
made in Onsager’s original calculation. It is a more 
serious restriction than (a); for a given liquid medium 
it is not possible to modify the conditions so that it is 
definitely justified. Its validity can, however, be ascer- 
tained a posteriori since, once the series of coefficients a, 
has been calculated, the reaction field can be evaluated. 

In the next section it will be shown how the field in a 
spherical cavity within which the dielectric constant is 
independent of the field, in a medium with e given by 
Eq. (1.4), can be found. These results are used in the 
following section to calculate the first three coefficients, 
ao, a1, and a of Eq. (1.4), for a polar liquid by the 
Onsager method. To compare the new results with the 
old (I, Eq. (2.8)) at all field strengths, it would be 
necessary to obtain a general formula for the coefficients 
a, and then sum the series of Eq. (1.4). Unfortunately 
the method does not give a general formula for a,, but 
each coefficient must be calculated from those with 
suffices of lower order. Moreover the calculation rapidly 
becomes exceedingly complicated as the series is as- 
cended. Nevertheless, by comparing ao, a1, and a2 with 
the corresponding series expansion of I, Eq. (2.8), it is 
possible to estimate the error involved in the earlier 
work. The corresponding modification of the Kirkwood 
method is also examined briefly. In Sec. 4 the question 
of the modification of the reaction field in the Onsager 
calculation arising from saturation will be examined. 

The general conclusion to be drawn is that the previ- 
ous calculations on water at ordinary temperatures were 
probably not seriously in error. It is possible however to 
put forward a somewhat improved form for the dielectric 
constant-field relation. 


2. THE CAVITY FIELD IN A SATURATED 
DIELECTRIC 


We require the potential y; in a spherical cavity of 
radius a, of dielectric constant m? in an infinite medium 
where the potential is Yo and the dielectric constant 
given by Eq. (1.4), the field at infinity being E. The 
potentials must satisfy the equations 


Ayi= (V+ eVyo) =0, (2.1) 
and the boundary conditions at the interface are 
Vi(a,0,6) =Yo0(a,9,9), (2.2) 
Oo] Oy; 
e—| =r’—] , (2.3) 
OF \a Or \a 





(p,0,6) being spherical polar coordinates with respect to 
the center of the cavity, the 6 axis being in the direction 
of E. Formal solutions of Eqs. (2.1), (2.2), and (2.3) can 
be obtained by assuming power series expansions for y; 
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and yp in the form 
Yo= pi Fn*' f,,(7,0), Yi= i E"*',(r,0), (2.4) 
n=0 n=0 


the f, and g, being functions of position only. Substi- 
tuting Eqs. (2.4) in Eqs. (2.1) and comparing like 
powers of E, the equations decompose into a set of 
equations for the unknown functions f, and gn. The 
principle is simply that of the usual parameter method 
of solving nonlinear differential equations, the parame- 
ter in our case being the field strength E. For the g, we 
find, for all 


and the appropriate general solution may be written 


£n(r,0) = X as nt™a—™ P»(cosd), (2.6) 
where the @n, m are constants. 
For the first three f, functions we find 
Afo=0, (2.7) 
aA fitai(V fo-V(V fo)?)=0, (2.8) 
aoA fotarLAfi(¥ fo)?+2(¥ fo: V(V fo: V fi) 
+(V fi: V(¥ fo)”) J+e2(V fo: V(V fo))=0. (2.9) 


The general solutions of these equations may be 
written in the form 


fn(r,0)= x [a(Cn, m(r/a)™+dn, m(a/r)™*) 
+An, m(r) |Pm(cosé), 


where the Cn, m and dp, m are constants and the hz,n(7) 
denote appropriate particular integrals. The solutions 
for the equations which satisfy the boundary conditions 
are easily built up. Since the particular integral for fi 
involves fo only, once fo is known, fi is calculable. 
Similarly, from the solution for f; the integration for /: 
can be made. For fo and go we find 


do, 1= — 3a0/ (2a0+n?), 
Co, = i 
do,1= — (ao—n?)/ (2ao+n”) ; 


and all the other coefficients vanish. For f; and g; 


(2.10) 


(2.11) 


C1.m=0,allm; d1,m=dim=hh,m=0, m1,3. (2.12) 
a1 (28a9?— 6677 a9? — 60n4a9— 370®) 











acl 5 (2a-+-n?)! ’ 
5401 (ao—n*)? (6a9+5n?) 
0 55 (dew + 3m) (orn?) 
P a1 (160a'— 244n2a?— 282n'a?— 73aon®+ 34n') 
Li— ’ 


1 Sao (2ao+ n?)4 
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54a: (ao— n”) (640° -+83n7a0?+ 16n4a9— 9n*) 


aed ? 


1 10a (4a0+3n7) (2a9+ n?)8 
(2.13) 








hy, i(r) pie 
aol 5r5(2ao+n?)? 3r3(2ao+n?)* 


oat 6a? (ap— n”) 12a®(ap— n?)? 
In, 3(r)= aa +— 

aol 5r?(2ao+n?) 5r5(2ao+n?)? 
3a? (ag—n?)3 


1178 (2a9+n7)3 


Qa j 8a (ao— n?)? 2a9 (ao— n*)8 














| ew 


For fe and ge we find that 


Co,m=0, all mM, 
11, m=, m= hy, m=, my 1, 3, a (2.15) 


Owing to the complicated form of the second and third 
terms of Eq. (2.9) the evaluation of the nonvanishing 
terms in the solution (2.10) for f> and ge is very compli- 
cated. If, however, we make the simplification that n? 
can be dropped, compared with ap, an approximation 
which is fairly good for water, since the ratio turns out 
to be 0.058, the calculation is tractable and we find, for 
example, 
a2,1>= 0.83a2/ao+ 1 .93a7/a0", 


a2,3>= —0.51a2/ao+1.36a;?/a0’, (2.16) 
a2,5>= 0.08a2/a9— 0.15a;?/ac?. 


We shall not give the other nonzero d», m coefficients 
and the special integrals /2, m since these will not eventu- 
ally be required. 

The calculations can obviously, in theory, be con- 
tinued to give fs, gs, fs, gs etc., but owing to the rapidly 
increasing complexity of the equations for the fn 
functions we shall not continue series (2.4) beyond their 
third terms. 

This completes our analysis of the cavity field in a 
partially saturated dielectric; we can now use the result 
to obtain an improved version of Onsager’s and Kirk- 
wood’s theories. 


3. CALCULATION OF THE DIELECTRIC CONSTANT 


First we shall consider the Onsager method of calcula- 
tion. Suppose that the coordinates (spherical polar) 
teferred to fixed axes in the specimen molecule, of the 
various charges forming the permanent polarization are 
(r1,0:,6%). If the axis 0, =0 is chosen along the axis of the 
equivalent dipole, then we have 


> ext, Cos0,=p, (3.1) 
k=1 
> exr, sind, =0, (3.2) 
k=1 


where the summation is over the s charges forming the 


molecule. For the average value of cos#o, where 4 is 
now the angle between the axis of the molecule and the 
direction of the external field E, we find instead of 
Eq. (2.5) of I, 


(cos6o) 


f f cos) sinfy exp(— >> exh: (re, Ox)/kT)d0odo 
0 “9 k 


’ 





SJ sinOy exp(— >> exbi(r.,Ox)/KT)d0odp 
k 
~~ (3.3) 


where now ©), is the angle between the 6) axis and the 
radius vector from the center to the charge ex. 00, Ox, and 
6, are connected by the relation 


P,,(cosOx) = P;, (cos0o) P,(cosOx) 
n (n—m)! 


+2> —P,,™(cos0o)P,™(cos0;,) cosm@. (3.4) 
m=1 (n+m)! 





Using the solutions obtained in Sec. 2, the integrals of 
Eq. (3.3) are easily calculated; they simplify con- 
siderably by virtue of relations (3.1), (3.2), and (3.4), 
and the orthogonality relations for the Legendre 
functions. 


T 2r 
J i) Cos sin8o exp(— > en: (rx, Ox)/kT)d0odp 
0 “0 k 


4npk u"do, 1° 
=— E +E (a it ) 
3kT 10k?T? 








9 9 
3y7do,1°d1,1 dor" 


10k°?7? —s- 280k*T* 





+14( a ) +012» | (3.5) 


J J sin) exp(— >> exbi(rz,Ox)/KT)d0odo 
0 “0 k 
E2ao, 2u2 

6k?T? 


wa 0,141,1 pia 0, i! 
+E! + +0(E*)}. (3.6) 
3k°T? 120k*7* 





=‘e{ 1+ 





But (cos@o) is related to the macroscopic dielectric 
constant ¢ by relation (2.1) of I. Hence expanding e by 
Eq. (1.4) and using the relations for the @n, m coefficients 
worked out in Sec. 2, we obtain by equating like powers 
of E on both sides of the identity, a set of equations for 
the a,. 

For ao, we find, if we make the approximation that n? 
can be dropped compared with ao, 


2rpNo /n?+2\? 
ag’ =n?+ ( ) , (3.7) 
kT 3 
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where yp, is the external moment and Np the number of 
molecules per unit volume. The more exact estimation 
in which 7? is not ignored compared with ap gives a 
value 3 percent less for water. 

For a; we have the equation 








127N ota? 
5°73 (2a-+-n?)3 
AN ou? (28a0?— 660729? — 60n4a9— 37n*) J 
x 1 + . (3.8) 
15kT (2ao+n?)! 


Using the numerical values of I we find 


a= 0.78a,*, (3.9) 


where a,* denotes the coefficient corresponding to a; in 
the expansion of « in powers of E given by Eq. (2.8) of 
I. If we drop n? compared with ao and distinguish 
coefficients obtained with this approximation by a dash, 
then 


ay’ = 0.8201". (3.10) 


For the a2 coefficient, since we have only calculated the 
field in Sec. 2, for the case ap>>n”, we can only obtain 
the relation corresponding to Eq. (3.10), and this is 


as! = 0.5802". (3.11) 


From Eqs. (3.9) to (3.11) we see immediately that the 
reduction of the dielectric constant due to saturation is 
less than in the analysis of I. As far as the first three 
terms of series (1.4) are concerned, for water the result 
is nearly equivalent to an effective increase of the field 
by 10 percent. This suggests that a better formula than 
Eq. (2.8) of I would be 


4aN ou, (n?+2) 0.55[n?+2]y,.E 
1( ). (3.12) 
3.3E kT 





e=n?+ 


The final conclusion may be drawn therefore that, 
although no serious error was introduced by the original 
assumption, a significant numerical modification of the 
previous result is obtained. 

It is of interest to see physically why the effect of 
taking account of saturation in the neighborhood of the 
cavity is to increase the effective field within it. From 
the continuity of the tangential component of the field 
at the cavity boundary, it follows that near the circle C 
in which the plane through the center perpendicular to 
E cuts the boundary, the field is very nearly 3E/2. On 
the other hand near the poles, where a line through the 
center parallel to E cuts the boundary, the field is nearly 
3E/2e. It follows that the reduction of the dielectric 
constant due to saturation is less near the poles than 
near C, since e is large compared with unity. Hence the 
lines of force will tend to crowd somewhat near the poles 
and consequently increase the cavity field. 

Now let us examine briefly the corresponding exten- 
sion of Sec. 3 of I. Instead of Eq. (3.1) of I, the field of 





F. BOOTH 


¥; must be used for G. Details will be omitted but it 
is easily shown for example that the relation corte- 
sponding to Eq. (3.10) again holds. This suggests that 
we may again correct for saturation by assuming an 
effective increase in the external field by 10 percent. 


4. THE REACTION FIELD 


Having obtained a corrected formula for the dielectric 
constant, we can now examine how the reaction field in 
the Onsager method is modified by partial saturation 
round the cavity arising from both the external field and 
the dipole field of the specimen molecule. 

First, let us consider the case when the external field 
is zero; for simplicity the specimen molecule will be 
assumed to be a point dipole at the center of the 
spherical cavity. By analogy with Eq. (1.4) we may 
write 


R= ; Bay?**}, (4.1) 
n=) 


and proceed to calculate the 8, coefficients using Eqs. 
(2.1), (2.2), and (2.3). The calculation parallels that of 
Sec. 2, very closely and so we shall not give the details. 
Writing the potentials within and without the cavity in 
the form 


Wi= Dwr sn*(,P), Por DL wrttyn*(r,0), (4.2) 
n=0 n=O 


6 being the angle the radius vector makes with the axis 


of u, we have 
(4.3) 


for all values of the suffix 7. go* is simply the well-known 
expression for the potential when the dielectric constant 
is independent of the external field, and so 


Bo= 2(ao—n?)/n?a? (2a0+n?). (4.4) 
The solution for g;* may be written in the form 
£1" = 41, rP1(cos0)+4a1, 9° P3(cos6), (4.5) 
where the a@;,; and @;,3 are constants. Hence 
Bi=— 4, 1= 216a;/5a9(2a9+n?)4. (4.6) 


The equation for /2* is easily found and from it and the 
boundary conditions on the cavity surface the solution 
for go* can be obtained after some calculation ; for 82’ we 
find 

Bo’ = (37.7a'?— 10.1a2’ao’) /aao’”. 


As in Sec. 3 the dash indicates that ? has been neglected 
compared with ao. To form some idea of the magnitude 
of the correction to the reaction field of I (Eq. (2.3)), we 
may calculate the ratios of the second and third terms 
of series (4.1) to the first. Using the values of ay, a1’, and 
az’ found in Sec. 3 above, these ratios turn out to be 
0.007 and 0.003, respectively. Both of these ratios att 
quite small and suggest that only a slight error aris 


(4.7) 
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from ignoring saturation in the determination of the 
pure reaction field. 

Now let us examine the reaction field when an ex- 
ternal field is applied to the dielectric. If no saturation 
occurs then the reaction field is independent of the 
applied field. This follows immediately from the line- 
arity of the equations for the potential. In our case 
however this result no longer applies; both the magni- 
tude and direction of the reaction field must depend 
upon the orientation of the dipole with respect to the 
external field. It is easy to see that R should now be 
written in the form 


R= y y Bn, m(Bo)m™*1E™, (4.8) 


n=) m=0 


where the 6, m are now vectors and functions of 60, the 
angle between uw and E. The coefficients of the double 
series can be found by the general method of Sec. 2, but 
in practice the details become prohibitively complicated 
unless both m and m are small. 

Suppose we confine our attention to terms of order E 
in R, that is, terms for which m is equal to 1. From Eq. 
(2.1) it is easily verified that 


Bo, 1 (0) =0. (4.9) 


For the next coefficient we have 


1,1=limvG, r<a, (4.10) 
r—0 


where G is a function of the coordinates only. Since G is 
only defined for the region within the cavity, to find it 
the part of the potential outside the cavity of order p’E 
must be examined. The equation for this function, say F, 
is 


wAF+ar[ (¥ fo: Vv (¥ fo*)?) 
+2(9 fot V (9 fo*- V fo)) J=0, r>a, (4.11) 


and the conditions connecting F and G across the cavity 
boundary are 





aF aG 
00 88 

OF = Afe dfo* 
aw—+a,—(¥ fo*)?+20:— (¥ fo: V fo*) 
or or or 

0G 

=n’—, r=a. (4.12) 
Or 


Finally we have 


G=0, 
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Equations (4.11) to (4.13) are just sufficient to de- 
termine F and G; since we only ultimately require (1,1 
we shall give the solution for G and not F. We find that 
G can be expressed in the form 


G=ayrP;(cos0)+a'rP;'(cosé) cosp+azr*P3(cos@) 
+a;'P;' (cos) cos¢+a;?P;"(cos0) cos2¢, (4.14) 


where the P,,” are the associated Legendre functions, 
and the a, and a,™ are nonvanishing constants of 
integration; the axis is along the direction of the ex- 
ternal field E. From Eq. (4.10) it follows that ;,; can be 
represented as the sum of two vectors one of magnitude 
— a, along E, the other of magnitude — a! perpendicular 
to E and in the plane containing both uw and E. For the 
two coefficients of interest we have 


a= 18a (2a9—5n?) (1+2 cos*Oo)/5a®(2ao+n?)4, 


: 4.15 
41! = 36a (2a9—5n?) sinOo cosOo/5a*(2ao+n?)*. armed 


To form some idea of the size of these terms it is of 
interest to compare the maximum values of the com- 
ponents, as o is varied, with the field strength EZ. For 
water the ratio is 0.049 for the component along E and 
0.016 for the component perpendicular to E. 

Now let us examine the question of the validity or 
otherwise of the basic assumption (b) of Sec. 1. To do 
this we must see how the calculation of ¢ is modified if 
the reaction field is given by Eq. (4.8) instead of by 
Eq. (1.3). When the reaction field is not a function of 
the angle between yu and E its precise value does not 
affect the mean of cos@; this can be seen immediately 
from Eq. (2.5) of I. If R is a function of 6) however, it 
will in general give a contribution to (cos@). To see 
whether assumption (b) is strictly justified it would be 
necessary to find R, using in the work the a, found in 
Sec. 3 and then redetermine ¢ from Eq. (2.5) of I. A 
complete check of this kind is not practicable however 
since it would involve the calculation of all or at any 
rate a considerable number of the 6x, m coefficients. We 
can get some estimate however by seeing how the term 
61,1 modifies e. The ratios of the corrected values to the 
uncorrected turn out to be 0.97 and 0.90 for ao and ay, 
respectively. The corrections are small but not negli- 
gible. In view of the other uncertainties however in the 
Onsager analysis, in particular the effect of short range 
interaction, further work is hardly profitable. 
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The general statistical mechanical formulation of partial molar energies, “internal pressure,” and heat 
capacity of multicomponent systems is developed with use of the grand ensemble. In the case of two com- 
ponent systems, detailed concentration expansions are presented for partial molar free energies and energies 
and for radial distribution functions about standard states at constant temperature and pressure as well as 


constant temperature and partial molar volume. 





I. 


T is the purpose of this paper to present the detailed 
statistical mechanical theory underlying the thermo- 
dynamic derivatives of the energy E of a multicompo- 
nent system. Expressions in terms of molecular variables 
will be derived for the partial molar energy Ea of com- 
ponent a, the “internal pressure” (0E/0V)7,,ny, where 
T is the temperature and {1} is the composition of the 
system, and the heat capacity at constant volume Cy. 
The techniques which are employed in the evaluation of 
these thermodynamic functions also lead as a special 
case to the results of an earlier investigation’ which was 
concerned with the calculation of the partial molar 
volume V., the coefficient of isothermal compressibility 
x, and the concentration derivatives of the chemical 
potential uw. as well as the osmotic pressure.” It is thus 
seen that by a simple subtractive procedure, the elusive 
entropy of mixing is also obtained. 

The explicit recognition of the fact that the energy E 
and the volume V are extensive thermodynamic func- 
tions provides the starting point of the present theory. 
This dictates the use of a thermodynamically open 
system from the phenomenological point of view and 
the employment of the grand canonical ensemble from 
the molecular standpoint. Consequently, the thermo- 
dynamic formulation is based on the following expres- 
sion for the total differential of the energy: 


aE aE 
dE= (—) w+(—) dg 
OVS 6 {Bu} OB 7 vy, {pu} 


» / OE 
+z (—) dBuc, (1) 
a=1 \ OBuas 8, Vv, {8u)’ 


where 8=1/kT and k is Boltzmann’s constant. We now 
note that the first derivative is readily evaluated by an 
extended application of Euler’s theorem, 


(OE/8V) 8, (auj=E/V. (2) 


1 J. G. Kirkwood and F. P. Buff, J. Chem. Phys. 19, 774 (1951). 
2 W. G. McMillan, Jr., and J. E. Mayer, J. Chem. Phys. 13, 276 
(1945). 


With help of the elementary thermodynamic relations 


(OBua/OV) g, (wij =—B(OP/ON a), tn} 





= —BV,/kV, 
OBia eee 
( ) = (0E/ON a BV,{N}! 
op V, {Nn} 
= X (0E/OBpy) 6, v, (8u)" 
pace 
X (OBuy/ON a) 8, v, N}? 
=E,—V,(dE/aV)s, {N}, (3) 
(OBpa/ ION y) 8, p, (w}'= (OBUa/ON y) 8, v, tw} 
— BV .V,/kV, 


Eqs. (1) and (2) lead to the desired expressions for 


(0E/OV) sz, {N}> E., and Cy: 








» BVaf OE 
(0E/8V)2 jwj=E/V-> ( ) (4a) 
BV, (Bu}’ 





a=1 KV \OBua 
e » BV, 

= (0e/0V) 8 try=—— DL 
Vai KV 





de 
x( ) , (4b) 
OBual B,V.{Bu)’ 


_ ._ fOE 
£.-V.(—) 
OV 6 {Nn} 


» OE 
+z (—) 
y=! \ OBuy/ BV, ( Bu)" 


OBuy . 
x , (5a) 
ONa? gv, {N}" 
gs - Oe 
i. B.—Eat=V.(—) 
OV/7 BN 
y Oe 
+z ( ) 
y=! \ OBuy7 BV, (Bu) 


0 
x( ~) (5b) 
ONa? gv, {ny 
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--J (= =). se 
y OE 
ier = A 
@,=1\ OBua! ,V, (Bu)’ \OBuy? 8B, Vv, (Bu)? 
OBpy 
(2) | 
ONa/ BVv,{N}’ 
B de 
woo fH) 
OBS vy, {By"} 
v de 
(2) 
a= OB Ma B, {Bu}! 


x[e-7(=) |}, oy 


where p is the pressure and J, is the average number of 
molecules of component a. In the second lines of the 
preceding equations we have referred the zero of energy 
to that of the system at infinite dilution in the gas, 
which will presently be found convenient in connection 
with the classical theory. This concept is made more 
precise by the following relations: 





v 


e=E-Y N.E.*; Cy*=> NLC V_*, 








a=1 a=1 
dBua* dE,* 
E.*= ~ : Cv.*= =e (7) 
dT 


pa*= jim [aa— kT logca |; 


Ka =a Ma. 


In Sec. II the thermodynamic functions will be ex- 
pressed explicitly in terms of molecular distribution 
functions and potentials of intermolecular force for 
systems amenable to treatment by classical statistical 
mechanics. This will be achieved with the help of two 
sets of integral equations for the molecular distribution 
functions that were previously derived by one of us’ 
by employing the techniques of the grand ensemble. 

In Sec. III, two component systems will be consid- 
ered in detail. Power series expansions in terms of the 
concentration of component 2 will be presented for yw, 
E, and the radial distribution function, about the 
standard state of pure 1 at constant temperature and 
pressure. 

In Sec. IV, the general quantum formulation, valid 
for all interaction potentials will be presented. This 
abstract theory, involving energy-composition fluctua- 
ions in the grand ensemble, is used to check the re- 
sults of Sec. IT. 


a 


*F. P. Buff (to be published). 


The paper is concluded with a discussion of the 
implementation of the theory. In particular, the effect 
of volume changes on partial molar quantities is de- 
scribed by means of concentration power series about 
a standard state at constant temperature and partial 
molar volume. 


II. 


As a preliminary to the statistical mechanical theory, 
we shall now consider the molecular distribution func- 
tions that will be employed. The generic center of 
mass number density pni,---,n,‘"(1,-++,2) is defined 
as the average density of sets containing ”; molecules 
of species 1, 22 molecules of species 2, etc., at the points 
R,,---,R,, in an open system of fixed volume V, where 


v 


n=) mq. Furthermore, it is frequently convenient to 


a=l 
introduce correlation functions gny,---,n»“(1,---,2), 


which are defined by the following equation: 
* n)= I Ca" *8n1,° -ny™ (1,- 7 4”), (8) 
Ca>= uy a)wv/ V . 


Since we shall restrict this investigation to homogeneous 
fluids, we observe that the singlet number densities 
pa‘) of the several species a are equal to their respective 
volume concentrations C,. 

The explicit chemical potential and temperature de- 
pendence of p‘”’ may for our purposes be most con- 
veniently exhibited in terms of integral equations that 
were previously derived in another connection.* Without 
restriction as to statistics and interaction potentials, it 
was found that the chemical potential dependence is 
given by 


= ++ nyi™ 

OB ita ), V, {Bu)’ 
Opn, +++ .ny\™ 
& 1 V, { Bu’)? 


=NeapPni,-- -ny™ (1,- ° 1) 


+f Coroners 


—pny,--+.ny™ (1, 


pPni,-++,ny (n) (1, 











- nyt) (1,- 3 -n+1) 


*M)pa™ (n+1) |drnys. (9) 


The corresponding temperature dependence is more 
complex, and for the sake of simplicity we shall hence- 
forth restrict ourselves to classical systems possessing 
a potential of intermolecular force of the form 


v Na Ng 


ViN=5 z x ze V ap(Riais), 


a,B=1 ig=1 ig=l 


(10) 
Ris ’ 


Rigig= | Ria— 




















where Vag(Riaig) is the spherically symmetric interac- 
tion potential between the centers of mass of molecules 
ig and jg of species a and 8. With this restriction it can 
then be shown that 





( ve =) 
0g V, {Bu’} 


— V'*) pny, ra -ny™ (1,- ‘ - n) 


+4 > {2 > | Vay(Rian +1) 
a,y=! tqa=1 


X pri, + ° *Ryt1,*° nyt) (1,- ° » +1) don41 


+f f Ver(Russ 09) 


X[pni, "8 *,Natl,** + ny?) (1,- n+ 2) 
—pni,+++ny™ pag (n+1,n+2) |donziddnie . (11) 


We note that for systems whose average kinetic 
energy (T'!),, is given by 


+s (N a)wEa* 
a=1 


in the classical limit, Eq. (10) implies the following 
familiar expression for the energy: 


c= (E)w—- 2 (N a) wiEa* 
a=l 


=} 2 f f V ap(Ri2)pas™(1,2)dridv2. (12) 


a, B=1 


We are now prepared to evaluate the requisite deriva- 
tives appearing in Eqs. (4), (5), and (6). As a starting 
point, we shall show that when z= 1, Eq. (9) reduces to 
the central equation of reference 1. In the absence of 
phase transitions, the following elementary identity is 
valid for fluid systems: 


v(—) (=) [Bley 
ON 7 8,v, tn} OCy F B, {ce}! [Bl 


OCe 
Bay= (— ; Ca=Pa", 
Buy B, ({Bu}’,V 


a,y=1,- “Dy 





where |B|ay symbolizes the cofactor of Bay in the 
determinant |B|. With use of Eq. (9), Bay may thus 
be expressed in the desired form 


Bay=CabSaytCalyGay; (14) 


Gor= f (Bx 1)dv12, 
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where 6,7 is the Kronecker delta. It was previously! 
shown that on the basis of thermodynamic arguments, 
Eqs. (13) and (14) imply the following expressions for 
the partial molar volumes V,, compressibility x, and 
(OBp0/ ON y) T,p, {N}’* 


V.=> ce| Bla z Cacy|B| py, (15) 
p=1 B,y=1 
kT«=|B\/X caval Bl es (16) 


OBpa 
v( =) =|D|er/¢aty|D\, 
ON,/ 7,p,tny’ 





(17) 
Day= Say/Cat1/eit+GastGi 


—Gia—Gia, 
a,y=2,: oe v. 


Substitution of Eqs. (9) and (11) with n=2 into Eq. 
(14) immediately leads to the two remaining derivatives 


required in connection with formulas (4b), (5b), 
and (6b) 

de 
(—) (18 
OB? BV, (Bu) 

=V/2 2, | (ort dade f VeeRe) ned 

n,§=1 
+eaeeef f (Sage — Se) Vge (Rudvas| 

2 / de 
2(°) . 
V X\OB7 v, teu") 

mem 2, cab | Var*(Ris) Box dos 

a,y=l 


—? :y catata ff Var(Ris)Voy(Re) 
1 


a,y = 


X Lary — gay” San” dvedrs 


~“) & catreatef ff Ven(Rus)Wne(Red 
a,y.n g=1 


KX Lgarne? — 28 ay” Sant + Sar” Bae ] 
XK dvedv3dv4. 


We observe at this point that with the help of the 
thermodynamic relation 


a=k/T|(0E/dV)r, wi +P] (20) 


the coefficient of thermal expansion a can be similarly 
expressed in terms of molecular variables upon utiliza- 
tion of the familiar expression for the pressure of the 
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y y dV 
P=) cakT—-§ DL cate f Rar 


a=1 a, B=1 


aB 
Lap” dr 12. (21) 


12 





For a pure liquid the explicit expressions for (@E/dV) 7," 
and Cy may be exhibited in the form 


(0E/d V) Ae —¢/V+A, 
(22) 
=—3(¢ ere) f fv (Rie) g (1,2,3) 
—2g®(1,2)g®(1,3)+g® (1,2) Jdvadrs. 
BV 
Cr=Cy*t—J f VR) gC, 2)dr (23) 


+2 f f V(Rys)V (Ris) g (1,2,3) 


— g®) (1,2) (1,3) Jdvedv; 


neff frmsrass 


x [gs (1,2,3,4) oY 2g (1 ,2,3)g (3,4) 
+g) (1,2) (3,4) |dvedv3dv4 


—¢f f fvmsv Rang 


x ce (1,2,3) Bs 2g) (1,2) ¢@ (1,3) 
+g°(1,2)Moadeade, 


+4(6/1+00)] J [ves 


X[¢ (1,2,3) —2g (1,2) ¢ (1,3) P 
+6°(1,2) Mote | |. 


Formula (22) is of particular interest in connection 
with the investigations of Hildebrand and co-workers‘ 
who have shown that for many substances (0E/dV) 7, n 
may be approximated by —«/V, where —e may be 
interpreted as the energy of vaporization into an ideal 
gas. The assessment of this approximation based on our 
correction term A will be described in a forthcoming 
paper. 


III. 


In preparation for the detailed discussion of the 
two component system we note that the preced- 
Ing results lead to the following explicit expressions 

‘J. H. Hildebrand and R. L. Scott, The Solubility of Nonelec- 


frolytes (Reinhold Publishing Corporation, New York, 1950), 
third edition. 
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for (OBu1/ 9c) T, p» E,, and V; 


—1 
—ennenens, ( 
ei 1+¢2(Goe— an | 


C2 


(OBu1/0c2)7, p= 


B,=E,*+- _ (25) 


evterbeedGutGu~ Miu ») 


fat +4(a/e)1 f Ving 


+et/2f f Valen giu2 


+ £11? (go0 — gi2) |dvedv; 


—co/2 [ Vaagesdoetcr/2 ff Ves guee® 


— £202 + goo? (Z20° — £12) |dvodt 3 


+02) Vagu®dertoe) f Valen” 


— g120 + g12°) (goo — g19) |dvodvs | : 


= 1+¢2(G22—-Gi2) 
ee i (26) 
14 +t ende tte 2G12) 





In order to analyze mixing processes taking place at 
constant temperature and pressure, we shall now derive 
expansions of the correlation functions in powers of the 
concentration c, of the solute about pure solvent 1. 
For this purpose we employ our integral equations (9), 
and we remark that this procedure provides an alter- 
native to the forthcoming sequel to reference 1. The 
expansion is achieved by considering gni,n2\ to be a 
function of 8, Bur, Bu2 so that 


(=) -(~"") (—) 
B.p OBu: /8,Bu2\ O62 /8.p 
Ogninoe™ OBu2 
(2) 
OBye2 B,Bu1\ OCo J B.p 


With use of the Gibbs-Duhem equation and Eq. (21) 
the preceding equation may be brought into the form 


(“e) 1 
OC ey 1+¢2(Go2— 


< 




















(27) 








G12) 
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Ce OBp2 B.Bu1 


1 Ognino™ 
-—( ) | (28) 
C1\ OBur 7 B.6u2 
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which upon utilization of Eq. (9) yields the following 


desired concentration dependence: 


(a 
OC 





) 1 
Tp 1+-¢2(Go2—Gi2) 


Xf Canana t= gar tn 


+ gnino™ (mg? — (14— M2) £12 


—M2g22) |ddny1. (29) 


Equation (29) can be readily solved to all orders by 
iterative procedures, and for n=2 the following expan- 
sion for the radial distribution function gag is obtained: 


gab = gap [lta cotascr+---]; (30) 


Zag” =radial distribution function between species a 
and @ in pure 1 at 7,p. 


i apa — Ba pi® 
gga fj ———______ 
Zap 


A2= 5[ C227F+-611°9 — 2e10%* ] 


+f f (g11 + goo — 2212) 


XL (gaa / gas) — Sai” — gai +1 |dusdv4, 


j= yA ™ Sasi Sa5™ gapi” Zaie™ 
Lap” Lap Lap” 














gaps a5 gasj™ ger  gasj™ gis 
Lap Lap Lap” 
(3) g..(2) 
Sapi 8ij 
ps — — Lai; — £pi5 +2 gai? gaj? 
Sap 


42g: 29; + gai? £0; +98? gaj™ 
420i? vai? +2 pa; ¢9;2) 
+ 885? (Sai + faj + gai + 88;) 
- 2( gui? + 6059+ gsi gi?+ 65%) [dca 


where we wish to emphasize that in all expansions the 
superscript ° designates that all functions are to be 
evaluated in pure 1 at constant 7 and . In view of its 
complete generality Eq. (30) may be of value in the 
interpretation of scattering experiments carried out on 
solutions. 

The concentration dependence of p:® on p2“ may 
be effected with the help of the relation 


Op, 0¢1 1+¢1(Giu—Giz) 
Op T.p 0C2 Tp 1+¢2(Go2—Gis) 
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Substitution of these expansions into Eqs. (24), (25), 
and (26) then leads to the desired expressions for py 
E, and V;. 


Bur=Bur’-+log(1— 9s") + 9°(1—V°/02") 
+b go"+b3? g2%+----, (32) 





ee V2 (33) 
E.=E2—2d°— geo+ 5) 
70 
Vi= V +e oo - a (34) 
V2=V + (Gi—G2"), (32a) 
2=1/2V 2[ (Gu-— G12)? + Vi (GutGe2—2G12) ], (32b) 


b3=1/3V 3{ (Gi1— G12)? + ViL3 (Gi12— G20) 
+ (G222— Git) +3 (G22o—Gie)? 
+3(Gu—Gi2)*]}}, 
Nek ceiiadioainai wae 


(32c) 


d= 1/27 | Vi f(2V gu Virgur — V20g20 |dore 


+2f [ Vulgne—gin® 


Viugu® 
aa 
XLgu® + g22 —2g12 J+ Viel gare 
— £122 + g12") (goo — gio) |dvedvs 


+1/20sf ff VasC2guie—gun— gues 


+2111 gu — £111 go2 — 2g112 gu 
= 2 2112 gio +2 2112 goo 
+ £122 gr + gr gr (g22 — gi1°) 


+2911? g12 (g12 — goo) |dvedvgdva, (33a) 
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E=E,*— 1/202 [ Vigu?dowt1/P° | V 10129 dre 


+127 { Valgu?®—gut® 
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+ Vi[Gi+-Gi22— 2G 112+ 2G 12(G12— G2) 
+Gi1(G22—Gi) J}, 
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¢é= CaV o/e4V 9+ CoV, 
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where for convenience we have introduced the volume 
fraction ¢,. Although the above formulas are expressed 
explicitly in terms of molecular variables, it should be 
noted that it may often be convenient in applications 
to reformulate many of the integrals in terms of their 
thermodynamic equivalents. 


IV. 


The statistical mechanical evaluation of (@E/dV)r, .w}, 
E,, and Cy which is valid without restriction as to 
statistics and intermolecular potential is based on the 
observation that all quantities appearing in Eqs. (4a), 
(5a), and (6a) may be expressed in terms of composi- 
tion—energy fluctuations. 

We first recall the familiar' expression for (0Bu0/ 
dN y)s,v, {wy in terms of composition fluctuations 


(OBp./ON y) BV.IN}) = | B| ar/ | B| ’ 
(35) 
Bay= (AN AN y)w 


and note that with use of the last of Eqs. (3) BV a/k 
and V, may be similarly evaluated: 


BV . 4 
—=¥ Ny|Bley/|Bl, (36) 
V (N y)av| B| ya 
Pix = (37) 
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DY (Vy) sw] Bl ys 


7, 6=1 


For the calculation of the remaining derivatives we 
employ the grand partition function 


ow v [N] 
ee?’ = p II pNaBua » e BEk " 
{ N}=0 a=1 k 
(38) 
Q’=3pV, 


where Ex!) is the energy of the basic state k of a 
member of the grand ensemble. Repeated differentia- 
tion of Q’ with respect to 6 and Bu. leads to the following 
mean values: 
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(—) — (39) 
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( ) =—(AN,AE)w, (40) 
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OB? J vy, (eu) 
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which thus provide the desired results 





OLE) ny 
(—*) = (AN ,AE)w, (42) 
OBua 7 BV, { Bu)’ 
OE) w 
( ) = —(AF?)y, (43) 
0p V, {Bu} 


In the special case of classical one-component sys- 
tems for which the average kinetic energy 7? of a 
member of the grand ensemble may be written in the 
form 7‘“)=NE*(T), the preceding relations may be 
simply exhibited as follows: 


O(E) wv (Vy (Ny wAVYAN)y 
oy “ 
aw /rn V V(AN?)y 








pT 





(AV AN) x? 
| (45) 


cracrtee| (avy 
T (AN?) py 

In order to reduce Eqs. (44) and (45) to their detailed 
forms, we note that for specified configurations R; of all 
the molecules, the »-tuplet densities v(1,---,2) at 
the point R,,---,R, are given by 


n 


y(1,---n)=d--- yd TT 6(Ri.—R,), 


i=l in=1 k=1 


inHinX-+-Hin, (46) 


where 5(R;—R) is the three-dimensional Dirac delta 
function. These densities possess by virtue of their 
definitions the following integrals: 


f. . fo II du.=N!/(N—n)!, 
k=1 


and are related to the average number densities 
p‘™(1,--+,) by the following grand ensemble averages: 


p™(1,- ++ ,2)=(u™)w. 


(47) 


(48) 


With assumption of simple pairwise interactions, it is 
thus possible to express the potential energy density 
at R,, Re in the form $V (Ri2)y (1,2), so that upon 
rearrangement it is found that 


vm=a ff VRia)y™(,2)deud, (49) 
vows fff vedo (1,2,3)dordexin 
+f fvRdv(1,2are% (60) 
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vmraa lf f frre 


Xv (1,2,3,4)dvidvedv3dv, 
+ f f J V (Riz) V (Ros) (1,2,3)dvidvedv; 
+3 f f V2(Ri2)v® (1,2)dvydve; (51) 


hence upon taking mean values of, Eqs. (50) and (51), 
the requisite fluctuations are evaluated in terms of 
molecular distribution functions 


(AN?) = f f Co (1,2) —p(1)p (2)] 


Xdedest fp (1d, (52) 


(AVAN)w=3 f V(RuLo (2,3) 
—p (1,2)p (3) ]dvidvedv3 


+f fv RdoQ,2)d000, 53) 


aver =3 6 ff fv ev Rolo (1.2.35) 


—p®)(1,2)p® (3,4) Jdvidvedvsdv, 


+f f fv even) 


Xp (1,2,3)dvidvedv3 
+3 f [Vito (1,2)do00, (54) 


V. 


We shall conclude this paper with certain observa- 
tions we have made in connection with applications of 
the general theory. 





ap = gapt® (1+artyat+ fros?+ - - 


AND R. BROUT 


(1). We first remark that our power series at constant 
T,p for uw; and E, provide the analogous expansion for 
the partial molar entropy S, by the relation 


TS,=Ei:—u1+ 9M, 


where the last term is negligible for condensed systems. 
In connection with the familiar effect of volume changes 
on the partial molar entropy, we refer to a recent paper 
by Hildebrand and Scott.’ These authors defined the 
following process. Pure component 1 is first taken from 
an initial state at 7,p with molar volume VY, to an 
intermediate state at 7,p+ with molar volume V;*, and 
is finally added to an infinite amount of the binary 
solution at 7,p with partial molar volume V; where V;+ 

is chosen to be equal to V;. For a number of iodine 
solutions they found that the partial molar entropy 
change between the final and intermediate states could 
be estimated moderately well by the Flory-Huggins 
expression. We have examined this process by use of 
the detailed techniques of Sec. III and obtained results 
in agreement with the thermodynamic equations 


(“= (= 
Ics * Ice ), , 

O08” 
() (Din © 
V Oci B,c2 0C2 

av. 

4) -(@2),[-(2),,} 
Co 7 B.V1 C2 0C2 

















&Q 
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1 = 
Co 7 B,Vi C27 B,p 
C2 YO av 
-2(—) (—),.. © 
Vit 0¢17 B.co\ 0627 8,V1 
av, (OV 2/dc2)~, Pp P 
(—) (58) 
Oco / B.V1 ~ F1—co/«(dV2/ap)—. al 


where A,;=E,—T7S, appears as the natural partial 
molar free energy. The useful corresponding expansions 
are given by 


ef Lens (1,2,8)—2gus4 (1,2) a0 (1,3)-+ gu (1 2) Mer 





ft=ast+ 


BAi=B 





Vi(Vi+Gi1") 
i+ +log(1— g2*)+ gst (1—V1/V st) ++ gat? + bt pat8+ - - (60) 


6 J. H. Hildebrand and R. L. Scott, J. Chem. Phys. 20, 1520 (1952). 
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where the coefficients are defined in Eqs. (30), (32), 
(33), and (34) and are evaluated in a standard state of 
pure 1 at 7,p+ whose molar volume is equal to the 
partial molar volume of component 1 in the solution 
at T,p. 

(2). Reference to Sec. II shows that the general 
expressions for (0E/0V)7,n, Ea and Cy involve higher 
order correlation functions. It will be shown in a forth- 
coming numerical calculation of the internal pressure 
correction A that the approximation of g® in terms of 
the radial distribution function g® introduces appreci- 
able discrepancies between theory and experiment. 
This arises from the circumstance that in this applica- 
tion the averaged superposition error is only slightly 
damped by the short-range potential of intermolecular 
force. 

(3). The coefficient 6, appearing after the Flory- 
Huggins term in Eq. (32) is of fundamental importance 
in connection with unassociated solutions of nonelectro- 
lyes. We wish to emphasize that our rigorous expression 
for db: implies a definite relationship among the thermo- 
dynamic variables and composition fluctuations. In 
case the individual terms appearing in b2 are evaluated 
on the basis of model theories which violate this rela- 
tionship, significant errors may be incurred. 

In connection with attempts to assess the theory of 
regular solutions, we note the suggestive transformation 


4 9o02/V [ (Gir9— Gis")? + V9 (Giy+G2°— 2G2°) | 
= 592" VL (Gi1°/V 3) + (G22/V 2) 
Vy .0V7 ua [7 .0\2 
Zo °/V Vy .°) ]——___—_- (7 ,»_ 7 .0)2 | 
2(Gi2°/V V2") | 7 oF d V2") } (62) 
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d 
Ger=B/3 f Rus r 


where W., is the potential of average force® and we 
surmise that the following alternative expressions 
for Gay 





dV ary 
Gay=8/3 { Re Say dr 12 
dR. 


z dV as 
+8/6 > af f Ri 
5=1 dRi2 


XL gays — gas” |dvedv3, (63) 
1 
--6f arta f VorBer(1,25 Medes 
0 
R 1 
—B ) caf Vas f dMal gays (1,2,3; Mla) 
5=1 P 
— £05 (1,3; N14) £ay™ (1,2; Ata) [dvedos (64) 


may be of value. Equation (63) may be derived 
with use of the Born and Green’ equation, while 
Eq. (64) follows from Kirkwood’s* coupling param- 
eter integral equations for distribution functions 
gni,-+-ny™ (1,+ ++, 5X1). 

We wish to acknowledge the grant of a Shell Re- 
search Postdoctoral Fellowship to R. B. 


6 J. G. Kirkwood, J. Chem. Phys. 3, 300 (1935). 
7M. Born and H. S. Green, Proc. Roy. Soc. (London) A188, 
10 (1946). 
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The ion yield in the alpha-induced decomposition of gaseous ammonia is found to increase slightly with 


the irradiation intensity, both in the presence and absence of electric fields. This is true for ammonia pres- 
sures of both 20 cm and 50 cm, at room temperature. Even a weak electric field increases the ion yield at 50 
cm pressure. There is no evidence at 20 or 50 cm pressure of initiation of the reaction by ion recombination. 


Possible mechanisms are suggested. 









INTRODUCTION 


ARLIER work in the radiation chemistry of gases 

by Essex and co-workers'~* and summarized in a 

recent paper by Essex’ indicates that one or more of 

the following may function as initiating mechanisms: 

a. Splitting on recombination of oppositely charged 
ions: 

ABt+e—— A+B 
ABt+AB- — 2A+2B. 


b. Splitting on electron collision with attachment of 
the electron to a fragment of the molecule, but without 
ionization : 

AB+e-— A+B-. 


c. Splitting on electron collision without attachment 
of the electron, and without ionization: 


AB+e° — A+B+c. 


d. Splitting on electron collision, with ionization: 





Qa 
Depart 
a e~ 
AB+or- < , 
e- a+e- 
At+B+ or 
L 2e— 


Essex’ also points out how the effect of electric fields 
and other data can be used to determine the extent to 
which a given gaseous radiation induced reaction is 
initiated by each of the four mechanisms. 

The concept of the ion yield used here, M/N, is 
defined as the number of molecules undergoing chemical 
reaction, per ion-pair produced by the ionizing radia- 


* This work was supported in part by the U. S. Atomic Energy 
Commission under Contract No. AT(30-1)-1131 and is ab- 
stracted from the thesis presented by T. Baurer in partial fulfill- 
ment of the requirements for the Ph.D. degree, 1953. 

t Present address: Columbia University Mineral Beneficiation 
Laboratory, 632 West 125th Street, New York 27, New York. 

1H. Essex and D. FitzGerald, J. Am. Chem. Soc. 56, 65 (1934). 

2C. K. Smith and H. Essex, J. Chem. Phys. 6, 188 (1938). 

§M. J. McGuinness and H. Essex, J. Am. Chem. Soc. 64, 
1908 (1942). 

4A. D. Kolumban and H. Essex, J. Chem. Phys. 8, 450 (1940). 

5.N. T. Williams and H. Essex, J. Chem. Phys. 16, 1153 (1948). 

6 N. T. Williams and H. Essex, J. Chem. Phys. 17, 995 (1949). 

7H. Essex, J. Phys. Chem. 58, 42 (1954). 
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tion. The saturation current method for determining 
M/N, which was first described by Essex and Fitz- 
Gerald,! was used in the present investigation, with 
radium bromide serving as the source of alpha radiation. 

Luyckx® studied the effect of variation of the radia- 
tion intensity upon the ion yield in the ammonia de- 
composition. His studies were carried out in the ab- 
sence of electric fields and at much greater intensities 
than can be used with the saturation current method. 
He reported that the ion yield varied inversely with the 
irradiation intensity for ammonia pressures between 
45 and 70 cm. Below a pressure of 45 cm this effect 
decreased steadily to 14 cm, where the ion yield was 
independent of intensity. However, in his work as the 
intensity was increased the final hydrogen pressure also 
increased. Calculations made from his data indicate 
that the final pressure of hydrogen varied from 0.09 
mm in the runs at lowest intensity to 4 mm in those at 
high intensity. Hydrogen is known to inhibit the de- 
composition of ammonia by the glow discharge,’ and 
by cathode rays.” It has also been shown that the 
quantum yield in the photochemical" or mercury 
photosensitized decomposition”:* of ammonia is very 
sensitive to the hydrogen pressure. At sufficiently high 
intensities, a pressure of 0.05 mm of hydrogen has a 
marked inhibiting effect.” (McDonald™ suggested that 
this may be due to the reaction NH,+H2— NH;+H.) 
The ion yield obtained by Luyckx at 65.5 cm of am- 
monia is plotted in Fig. 1 as a function of final hydrogen 
pressure. As the hydrogen pressure is increased to 
several millimeters, the ion yield drops considerably. 
Presumably, at sufficiently low hydrogen pressure 
there is no measurable effect. The minimum hydrogen 
pressure at which the inhibiting effect appears should 
depend upon the steady-state concentration of NH: 
and should not be the same at different intensities and 
ammonia pressures. Luyckx therefore, measured the 


8 A. Luyckx, Bull. Soc. Chim. Belg. 43, 117 (1934). 

9 J. H. Davies, Z. physik. Chem. 64, 657 (1909). 

10 J. C. McLennan and G. Greenwood, Proc. Roy. Soc. (Lon- 
don), A120, 283 (1928). 

11M. Vanpee, Bull. Soc. Chim. Belg. 53, 179 (1944). 

2R. G. Dickinson and A. C. G. Mitchell, J. Am. Chem. Soc. 
49, 1478 (1927). 

13C, C. McDonald, thesis, Illinois Institute of Technology, 
Chicago, Illinois, 1954. 
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TABLE I. Effect of intensity on ammonia decomposition 


ined effect of changes in the intensity and pressure 
combined eff 8 y P at 20 cm pressure and 25°C. 


of hydrogen and his results can not be compared di- 
rectly with the present work. . Duration Increase of pressure Saturation 
The present investigation was undertaken in order of runin of noncondensed —_—_current Ion 
A . ak age ‘ hours gas in mm X103 amp X108 yield 
to investigate the effects of variations in intensity on 











A. Ion yields with ~0.2 mc radium source 


the ion yield and on the mechanism of the ammonia 
decomposition, both in the presence and absence of 
electric fields. The intensities and final hydrogen pres- 
sures were low compared to those reported by Luyckx. 


EXPERIMENTAL 


The equipment was similar to that used previously 
in this laboratory.® It consisted of a reaction vessel 
equipped with platinum electrodes, a freeze-out tube 
in which the ammonia was frozen by liquid nitrogen at 
the end of each run, and a McLeod gauge to measure 
the pressure of the noncondensible decomposition prod- 
ucts, nitrogen and hydrogen. 

The ammonia was drawn from a tank and stored as 
a solution of NHsSCN-xNH; in the manner described 
by Almfelt and McCrosky." Before being used in the 
system, ammonia tapped from such storage was dried 
by passage over CaHo, and further purified by four 
fractional distillations at liquid nitrogen temperatures. 


RESULTS 


The results are presented in Tables I and II for 
pressures of 20 and 50 cm, respectively. At each pres- 
sure, data are shown for two different intensities as 
measured by the saturation current. These data are 
plotted in Figs. 2 and 3. Even the highest field strength 
used was below that required to produce ionization by 
electrons or ions accelerated in the field. The current- 


FROM 
A. Luyckx, Bull. Soc. Chim.Belg., 


43, 117(1934) 


= 655 
Ry g= seem 


ion yield ( esaterery ents} 





i i 4 L i 


0.5 1.0 1.5 2.0 2.5 


_at end of run (mm) 





me 


Fic. 1. Ion yield in ammonia as a function of final hydrogen 
pressure. Calculated from data of Luyckx (see reference 8). 


(1935) H. Almfelt and C. R. McCrosky, J. Chem. Ed. 16, 193 
9), 


oosss 
i i 
an 
sss sIs 


i oe 
s§ 


15.5 0.571 
77.0 3.022 
23.0 0.897 


148.0 6.062 


47.0 1.881 
96.0 3.937 


44.0 1.730 


100.0 3.907 


50.0 2.000 
95.0 4,004 


2.061 
2.077 
4.214 
0.842 
2.089 
4.355 
0.887 


1.580 

1.689 

{ 4.851 
22.0 1.242 
22.0 1.341 
24.0 1.451 
47.0 2.743 


37.0 2.068 
37.0 2.166 
24.0 1.443 
17.0 1.012 
25.0 1.611 
23.0 1.471 
24.0 1.537 
47.0 3.134 


21.0 5.477 
13.0 3.577 
26.0 6.915 
20.0 5.281 
20.0 5.060 

5.0 1.256 


21.0 
31.0 
14.0 
26.0 
18.0 


PAW IN 


21.0 
18.0 


26.0 
20.0 


22.0 
11.0 
16.0 
24.0 


3.265 0.868 
3.265 0.929 
3.185 0.940 
3.185 0.997 
3.185 0.972 
3.185 0.995 

average = 0.973 


3.265 0.924 
3.265 0.918 
3.207 0.961 
3.180 1.03 
average = 0.963 


3.602 1.04 
3.377 1.00 
3.359 0.986 
3.350 0.974 
3.322 1.05 
3.347 1.04 
3.292 - 1.05 
average= 1.02 


3.123 1.67 
3.123 1.70 
3.123 1.79 
2.680 1.66 
2.689 1.79 
2.697 1.77 
2.715 1.70 

average= 1.74 


2.449 ii 
2.529 1. 
2.538 1. 
2.555 1.8: 
2.600 A 
2.618 1. 
2.644 ‘ 
2.706 1. 
1. 


average= 


CoO fl HCHO 
NIQR O G ST IN 


2) 
v=) 


. Ion yields with ~1.5 mc radium source 


20.35 1 
20.80 1 
20.37 1 
20.71 1 
19.34 1 
19.25 1 
average= 1.06 


0 
0 
0 
0 
0 
0 


20.50 1.063 
19.34 1.046 
19.20 1.050 
19.13 1.069 
19.20 1.043 
average= 1.06 


19.11 1.055 
19.22 1.057 
average = 1.06 


19.36 1.79 
19.08 1.83 
average= 1.81 


19.25 2.30 
19.14 2.35 
19.25 2.34 
19.24 2.31 

average= 2.32 
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Fic. 2. Effect of electric field on ion yield in NH; at 20 cm 
at different radiation intensities. 











potential curves are not shown here, but resemble those 
shown in previous papers from this laboratory.*:*~7 
Three separate radiation sources were used. These 
consisted of approximately 0.1, 0.2, and 1.5 mc of 
radium as the bromide. The radiation intensity was 
measured by the saturation current and the exact 
amount of radium used was of little importance. 


DISCUSSION 


A. Effect of Variations in Intensity in the Absence 
of a Field 


A direct variation of the ion yield with intensity at 
X/p=0 is shown in Figs. 2 and 3. That this is not 
caused by the inhibiting effect of hydrogen can easily 
be seen from the tables. First, the hydrogen pressure is 
very low (of the order of a few microns), and secondly, 
there is no correlation between the yield and the final 
hydrogen pressure. 

Evidence from photochemistry’ indicates that the 
splitting of ammonia into NH: and H is more probable 
than into NH and Hs. Since the average energy of the 
secondary electrons produced in ammonia by alpha 
particles is of the order of several hundred electron volts 
and thus many times the dissociation energy of am- 
monia into the above fragments, such fragments should 
also be produced in the radiolysis of ammonia. That 
they are so produced and that NHp is formed with 
greater probability than NH is supported by the ion 
abundance data of Mann, Hustrulid, and Tate,!® who 
analyzed ammonia with a mass spectrograph. They 
found the most abundant positive ions to be NH3t 
and NH>;*+ while others found to a much lesser extent 
were NH*, Nt, Ht, H;*, and NH;*. The only negative 
ions found were NH;- and H-. 

The mechanisms proposed for the photolysis of 
ammonia"!3.17-2 involve the interaction of one NH» 

16 W. A. Noyes, Jr., and P. A. Leighton, The Photochemistry of 
— (Reinhold Publishing Corporation, New York, 1941), pp. 

16 Mann, Hustrilid, and Tate, Phys. Rev. 58, 340 (1940). 


17H. S. Taylor, J. Phys. Chem. 42, 783 (1938). 
18H. W. Melville and E. A. B. Birse, Nature 142, 1080 (1938). 


with a second in the production of nitrogen and hydro- 
gen, presumably through the intermediate formation 
of hydrazine. In addition, however, the NH: may 
recombine with H to form NH; and cut down the 
over-all yield. This latter reaction is supported by the 
data of Taylor and Jungers,”! who reported the appear- 


TABLE II. Effect of intensity on ammonia decomposition 
at 50 cm pressure and 25°C. 








Duration Increase of pressure Saturation 
of run in of noncondensed current 
hours gas in mm X103 amp X108 yield 





A. Ion yields with ~0.1 mc radium source 


48.0 1.546 3.106 0.797 
83.0 2.742 3.070 0.826 
13.0 0.426 3.088 0.814 
110.0 3.774 3.072 0.862 
average = 0.835 


2.470 3.072 0.854 
1.601 3.072 0.847 
1.618 3.072 0.865 
1.808 3.072 0.875 

average = 0.860 


3.044 0.854 
3.072 0.866 
average = 0.862 


, 3.084 0.855 
47.0 6: 3.070 0.877 
average = 0.864 


24.0 3.088 0.885 
52.0 1.826 3.082 0.872 
average = 0.876 


. Ion yields with ~0.2 mec radium source 


22.0 1.855 6.690 1.01 
20.0 1.696 6.673 1.02 
24.0 2.013 6.681 1.01 

50.0 4.217 6.779 0.989 
16.0 1.373 6.667 1.03 
70.0 5.935 6.687 1.01 
4.0 0.339 6.681 1.01 
average = 1.01 


1.959 6.667 1.07 
4.425 6.667 1.08 
1.910 6.673 1.09 
6.607 6.667 1.09 

average= 1.08 


2.176 6.667 1.14 
4.711 6.667 1.16 
average = 1.15 


2.005 6.667 At 
6.667 AS 
average= 1.1: 
6.548 :. 
6.619 1. 
6.593 1.2( 
6.685 Li 
average= 1.18 








” E, A. B. Birse and H. W. Melville, Proc. Roy. Soc. (London) 
A175, 164, 187 (1940). 

2” McDonald, Kahn, and Gunning, J. Chem. Phys. 22, 908 
(1954). 

21H. S. Taylor and J. C. Jungers, J. Chem. Phys. 2, 452 (1934). 
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ALPHA-INDUCED DECOMPOSITION OF AMMONIA 


ance of deutero-ammonia when deuterium atoms were 
produced in the reaction mixture. 

According to recent work by McDonald,” the 
mechanism of the ammonia photolysis can be described 
by the following, where (7) and (8) are back reactions: 


(1) NH.+NH,. —N-2H, 

(2) NeHit+H —H.2+N2H;3 
(3) NeH;+H -—2H2+Ne 
(4) H+wall — +H, 

(5) NHe+H -—WNH;* 

(6) NH;* — NH,+H 
(7) NH;*+NH;— 2NH; 

(8) NHe+H.,. —NH;+H. 


He showed that the formation of ammonia through 
the reaction of hydrazine and H atoms was not im- 
portant. 

In the radiation-induced decomposition of ammonia, 
the same radicals are probably produced. In addition, 
ions are formed, chiefly NH;*+ and NH;*.'® That there 
is very little ion-recombination induced decomposition 
under these experimental conditions is shown by the 
initial portions of the M/N vs X/p curves in Figs. 2 
and 3. The second point on each curve was taken at a 
field strength sufficient to remove one-half the ions. If 
there was much ion-recombination induced decom- 
position, the curves should decrease initially.” Since in 
most cases, decomposition will follow neutralization of 
NH;* in the gas phase, one is led to believe that under 
these conditions little volume ion-recombination occurs.{ 
The ions diffuse to the walls and are neutralized there. 
The NH;* becomes NH; while the NH;*+ becomes NHo. 
The walls in a sense become a source of NH: radicals 
which can then undergo the same secondary reactions 
as the radicals produced in the photolysis of ammonia. 
The concentration of NH: will be higher at the walls 
than in the body of the gas. Wall reactions can thus 
be important in radiation chemistry even at high 
pressures. 

A possible explanation of the slightly greater ion 
yield at higher intensity is as follows. As McDonald" 


_ TIt is the usual notion that volume recombination is of greater 
importance with alpha radiation at these pressures than wall 
neutralization. However, this will depend on the concentration of 
ions as well as the gas pressure. It should be pointed out that the 
intensity is much lower in these experiments than it is in most 
studies in radiation chemistry. The gas absorbs only about one 
roentgen per second and approximately 2X10-* percent is de- 
composed in twenty-four hours. Calculation shows that the aver- 
age distance between ions after leaving the tracks is so great that 
they are quite likely to diffuse to the walls before colliding with 
one another. In the usual experiments where considerable volume 
recombination is expected, the ion concentrations are 10? to 104 
times as large as in the present work. In addition there are very 
few negative molecular ions in irradiated ammonia and if the 
positive ion is neutralized in the gas phase it will be neutralized 
by a free electron. Electron recombination is known to be an un- 
likely process and this still further increases the probability that 
the positive ions and electrons will reach the wall without re- 
combining. 
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Fic. 3. Effect of electric field on ion yield in NH; at 50 cm 
at different radiation intensities. 


points out, his mechanism does not predict an intensity 
effect. Since the neutral radicals produced in the 
radiolysis should undergo the same reactions as those 
produced in the photolysis, the intensity effect observed 
must involve the ions instead. While the concentration 
of NH: is greater near the walls than in the body of the 
gas, the concentration of H atoms is the same through- 
out the vessel (very few H* ions are formed). Near the 
wall, the rate of reaction (1) would be increased more 
than the rate of reaction (5). As the intensity increases, 
the concentration of all radicals increases, but the 
probability of the NH» formed at the wall escaping 
into the body of the gas decreases. Thus, a larger frac- 
tion of the NHe radicals should react in the region of the 
wall and the forward reaction would be favored over 
the back reaction. Reaction (8) is probably not im- 
portant in the present work at such low hydrogen 
pressures. 

The effect of intensity is evident at both 20 and 50 
cm pressure although the yield appears to be a more 
sensitive function of intensity at the higher pressure. 
At the higher pressure, the diffusion of NH2 away from 
the wall would be less rapid and the net yield should be 
greater. 


B. The Effect of an Electric Field at Different 
Intensities 


The ion yield curve of McGuinness and Essex* in 
Fig. 2 was originally drawn through many points along 
the entire length of the curve. Since the general shape 
of the curve was thus established, only enough points 
were needed in the present work to determine the shift 
in its vertical position. 

Figure 3 shows that at 50 cm pressure, application of 
the electric field produces a slight initial rise in the ion 
yield. This effect was not observed at 20 cm. A similar 
phenomenon was observed by Williams and Essex® in 
the radiation decomposition of ethane. In their case it 
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was suggested that the field was stopping a back re- 
action involving ions. In the present work when a field 
is applied, the NH;* ions are neutralized at the cathode, 
which is a relatively small area compared to the wall. 
The H atoms are unaffected by the field and the number 
of H+ and H~ ions present is insignificant. The proba- 
bility of reaction between the NH radicals concen- 
trated at the cathode would be increased still more 
relative to their reaction with H atoms and the over-all 
ion yield would rise. 

Figure 3 shows that the shift in the curve due to a 
variation in the intensity is independent of field 
strength in the range studied. It was not possible at 
this higher pressure to obtain data at an X/p above 5 
since the power supply was limited to 30 kv. On the 
basis of the suggestions made above this independence 
is not unexpected. In Fig. 2 at 20 cm it is seen that the 
shift of the ion yield curves with intensity in the present 
work is constant below an X/p of about 9. There is a 
slight difference between the present work and that of 
McGuinness and Essex® in the region around an X/p 
of 4. These differences are small and can be ascribed to 
the way in which the earlier curve was drawn with 
respect to the experimental data available for plotting. 
The above authors attributed the rise in the curve at 
an X/p of 5 to the initiation of splitting of the ammonia 
molecules by electrons accelerated in the electric field 
(mechanisms 6 and c). 

Above X/P of 9, however, it is seen that a divergence 
of all three curves begins to take place. McGuinnes and 
Essex’ in commenting on the possible causes of the rise 
in the ion yield curve above this point, attributed it to 
the excitation of the ammonia molecule, followed by its 
splitting. They also point out that the splits occur both 
with and without attachment of the electron to the 
fragments. Thus, each electron acting under the ac- 
celerating field will initiate several splits before under- 
going attachment. 

In his studies of electron attachment in gases, 
Bradbury” reported that an X/p value of 9 was the 
minimum at which he was able to detect electron 
attachment in ammonia. He assumed that the reaction 
at this energy produced Hz and NH-. If this assump- 
tion is correct, it would mean that the accelerated elec- 


2N. E. Bradbury, J. Chem. Phys. 2, 827 (1934). 
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trons at this X/p have sufficient energy to produce NH 
radicals as well as the NHg2 radicals which had been 
produced at lower field strengths. The formation and 
reaction of the NH radicals may also play a part in the 
increase of the ion yield beyond this point. But it is 
not clear why the curves should diverge at different 
intensities. 

The ion yield curve at 62 cm obtained by Smith and 
Essex? started at M/N=1.37 at X/p=0 and decreased 
rapidly as the field strength was increased. Thirty-four 
percent of the reaction was initiated by ion recombina- 
tion (Mechanism a). Later McGuinness and Essex? 
reported an ion yield of about unity at 20 cm pressure 
and that none of the reaction was initiated by ion re- 
combination at this pressure. The differences were ex- 
plained by the greater probability of ion recombination 
at the higher pressure. It was therefore expected, in 
the course of the present work, that at 50 cm pressure 
some initiation of the reaction by ion recombination 
would be found. Such was not the case (see Fig. 3). 
However, the methods involved in the purification of 
ammonia have been somewhat improved. In the present 
work, as has been described, ammonia from a solution 
of NHiSCN-xNH; was passed over CaHe2 and then 
fractionally distilled using liquid nitrogen. In the 
earlier work at 20 and 62 cm pressure a partial frac- 
tionation was carried out with liquid nitrogen, in that 
the low boiling fraction was removed. Metallic sodium 
was used as the desiccant at 20 cm and a mixture of 
KOH and BaO in the work reported at 62 cm.Thinking 
that the ammonia used in the earlier work may have 
contained a few ppm of water, experiments were carried 
out with partial pressures of water varying from 10~ 
to several millimeters.”* No change in the ion yield with 
field strength was observed. In addition, a run using 
dry ammonia at 62 cm was carried out and contrary to 
Essex and Smith? the yield was independent of field 
strength up to X/p=5. Their earlier work showing 
extensive ion recombination initiated reaction, thus 
could not be repeated. There is no indication from the 
present work that ion recombination plays a significant 
role in the decomposition of ammonia in the pressure 
range from 20 to 60 cm. 


23 By A. Zahlan in this laboratory. 
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Fine Structure of the 2.7 Micron Carbon Dioxide Rotation-Vibration Band 


W. L. FRANCE AND F. P. DIcKEY 
Department of Physics and Astronomy, The Ohio State University, Columbus, Ohio 


(Received August 19, 1954) 


The infrared spectrum of CO: in the region of 2.74 has been remeasured. Five rotation-vibration bands 
have been identified and analyzed in detail. One of these is due to CO. The rotational constants obtained 
were 

Booo=0.3904 cm™ and Dooo=0.25X 10~* cm. 


In two of the bands /-type doubling occurs, and the values of the splitting constants g were determined. 





INTRODUCTION parallel combination bands and other weaker combina- 
tion bands. 


HE infrared spectrum of CO: has been rather A study of atmospheric absorption in this region has 


thoroughly studied. It is well known that the heen made with a high resolution spectrometer.! Also 
region of 2.7 microns is one of strong absorption. This an earlier study of CO» has been made using a vacuum 
absorption has been attributed to atmospheric water spectrometer.? 
vapor and CO.. In this region CO, has two rather strong The present study was made with improved resolu- 


TABLE I. Wave numbers of the COz bands (yyac cm™).* 








CBO, C2202 C202 
2ve+vs vitvs vitvs 3ve+v3—ve vitvetv3s—ve 
vo = 3613.03 vo =3714.56 vo = 3632.92 vo = 3580.81 vo = 3723.05 
R(J) P(J) R(J) P(J) R(J) P(J) R(J) P(J) R(J) P(J) 


3613.76 3715.22 3633.71 3581.95 3724.52 
15.31 3611.39* 16.75 3712.90 35.20 3631.49 82.74 3578.83 25.49* 3721.22* 
16.83 09.77 18.25 11.32 36.64*  29.74* 83.34* 78.02 26.08 20.56 
18.32 08.12* 19.75 09.71 38.05*  28.06* 84.25 77.21 26.86*  19.75* 
19.77*  06.47* 21.22 08.08* 39.54 26.73* 84.99 76.38 27.56 18.95 
21.23 04.81 22.67 06.44 41.03* 24.92 85.75 75.56 28.22* 18.25* 
22.63 03.15* 24.09 04.78 42.32 23.24 86.48 74.73 29.08 17.31 
24.03 01.44 25.49 03.09 43.68 21.49 87.14* 73.90 29.86 16.48 
25.40 3599.73* 26.86 01.35 45.07* 19.77* 87.90 73.06 30.56 15.64 
26.73* 98.00 28.22 3699.62* 46.30 17.97 88.67* 72.23 $1.32 14.82 
28.06*  96.24* 29.54 97.81* 47.58 16.13 89.37 71.34 32.06* 13.96 
29.35 94.47 30.83 96.10* 48.79* 14.29 90.11 70.53 32.75 13.12 
30.62 92.68 32.06* 94.17 50.07 12.39* 90.84* 69.65 33.35*  12.25* 
31.87 90.84* 33.35* 92.30 51.31* 10.45 91.50 68.82 34.15 11.32* 
33.10 89.00 34.57 90.41 52.50* 08.47 5 92.11* 67.93 34.75* 10.54 
34.30 87.14* 35.76 88.48 53.62 06.47* 92.89 67.05* 35.53*  09.71* 
35.47 85.27 36.92 86.54 54.73 04.48* 93.47 66.22* 36.15 08.80 
36.64*  83.34* 38.06 84.60 55.85 02.50 94.29* 65.40 36.92*  08.08* 
37.78 81.39 39.16 82.62 56.91 00.48 94.80 64.45 37.43 07.02 
38.88 79.41 40.24 80.64 57.92 3598.40 95.62 63.56* 38.21* 06.22 
39.99 77.40 41.26* 78.62 58.93 96.24* 96.24*  62.70* 38.72 05.23 
41.03* 75.37 42.37* 76.60 59.92 94.29 96.93 61.86 39.52 04.43 
42.11 73.29 43.33 74.57 60.86 92.11* 97.38 60.88 39.96 03.42 
43.12 71.21 44.35 72.48 61.72 98.24 60.12* 40.78 02.62 
44.12 69.12 45.30 70.38 62.64 98.65 59.07* 41.26* 01.61 
45.07*  67.05* 46.24 68.26 99.73*  58.52* 42.04 00.79 
46.05 64.90 47.15 66.10 99.73*  57.18* 42.37* 3699.62* 
47.00*  62.70* 48.01* 63.93 3600.80 56.49 43.33* 98.91 
47.89* 60.62 48.89 61.72 01.10 55.36 43.59 97.81* 
48.79* 58.44 49.70 59.47 02.03 54.67 44.45 97.01 
49.62 56.23 50.53 57.21 02.29 53.49 44.73 96.01* 
055° 533399° 51.34 54.89 03.15* 52.80 45.63 95.09 
51.31* 51.59 52.10* 52.50 03.46 51.59 45.86 93.90 
52.11 52.87 50.18 04.48* 50.92 46.78 93.14 
52.87 53.58 47.89* : 04.48* 49.69 46.96 91.89 
53.43 54.28 05.69* 48.99 47.90 91.14 
05.69* 47.69 48.01* 89.86 
06.83* 46.99 49.02* 89.18 
06.83* 45.66 49.02* 87.82 


~~ 





CNA U EWN 








(Table I continued on page 472.) 


'W. S. Benedict and E. K. Plyler, J. Research Natl. Bur. Standards 46, 246 (1951). 
*R. Jones and E. E. Bell, Phys. Rev. 79, 1004 (1950). 
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TABLE I—Continued. 





3vo-+v3—v2 vitvet+vs—ve2 
J R(J) P(J) R(J) P(J) 


40 3608.12* 3545.13* 3750.06* 3687.15 
41 08.12*  43.70* 50.06* 85.75 
42 09.07* 43.14 51.09* 85.10 





43 09.07* 51.09* 83.69 
44 10.23* 52.10* 83.07 
45 10.23* 52.10* 81.58 
46 11.39* 52.96* 81.00 
47 11.39* 52.96* 79.46 
48 12.39* 53.84* 78.89 
49 12.39* 53.84* 77.31 
50 13.41* 54.80* 76.84 
51 13.41* 54.80* 75.26 
52 55.64*  74.57* 
53 55.64* 72.99 
54 56.53* 72.48 
55 56.53*  70.77* 
56 57.33* 

57 57.33* 








« An asterisk indicates blended lines. 


tion using a high resolution prism-grating vacuum 
spectrometer. 


EXPERIMENTAL 


The spectrometer was equipped with a 15 000 lines 
per inch echelette grating ruled by Bausch and Lomb. 
The grating surface was 6 by 4 inches. A lead sulfide 
photoconductive cell was used as a detector. The 
radiation source was a Nernst glower which was 
enclosed in the vacuum chamber. The CO, sample 
was obtained from a commercial cylinder and dried 
by passing it through phosphorous pentoxide. After 
thorough evacuation of the spectrometer, the dried 
gas was admitted to the entire vacuum chamber to a 
pressure of 5 mm of mercury. The optical path length 
was about 7 m. During the recording of the spectrum, 
slow leakage of the system caused the pressure to rise 
to 10 mm, and the intensity of the strongest water 
lines of the spectrum increased to about half the value 
of the most intense lines due to COs. 

One run of the spectrum was made after adding water 
vapor to give an added pressure of 2.5 mm. This was 
to aid in distinguishing the water lines from those due 
to CO» as well as provide additional reference points for 
wave-number determinations. 

For most of the spectrum, the effective slit width was 
0.09 cm~ with a maximum of 0.11 cm™ at the longer 
wavelengths where the detector sensitivity was low. 


OBSERVED SPECTRUM 


A reproduction of the traced spectrum is shown in 
Fig. 1. A short section in the lower wave number region 
is from the spectrum obtained with added water. 

As many lines as possible were identified by compari- 
son with the published results of Benedict and Plyler.’ 
A plot of wave numbers of identified lines against 
chart distance was made at a large scale, and a disper- 
sion curve was obtained by passing a smooth curve 
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through the average path indicated by the plotted 
points. The curve was a close approximation to a 
quadratic function. By fitting a quadratic function to 
short portions of the curve, the wave numbers for 
the unidentified lines were obtained. 

The values thus obtained are corrected to vacuum. 
A listing of the lines in the identified bands is given in 
Table I. Blending of many of the lines made the analysis 
of the weaker bands rather difficult and the results 
somewhat questionable. 


ROTATIONAL ANALYSIS 


The rotational constants and band origins were 
determined by use of the usual combination relations. 
The combination differences, 


R(J) — P(I+2) = (4By— 6Dy) (J+) — 8Dor (I+), 


were used to obtain the lower state B and D values. 
The suins, 


R(J)+P(J) = 2 (v0 + By) +2I (J+1) (By — By); 


gave the band origins and (B,,-—B,,). 

Since both the 272+ 3 and v:+ v3 bands originate from 
the 00°0 level, they both should give the same combina- 
tion differences, and an average of their values should 
give more accurate results. The averages were used in 
the analysis. This procedure also reduces the effects of 
resonance in the analysis. 


TABLE II. Band origins and B value differences 
(B” —B’) for COx. 








Lower Upper 
Origin level level (B” —B’) 
(em~) Isotope (v1 ve v3)’ (vr ve 3)’ (cm™) 


3580.81 CO. o PT G os I 0.00255 (even) 





0.00284 (odd) 
3613.03 CO, 0 0 O oF 1 0.00285 
3632.92 CQ, 0 0° O 1 @ 1 0.00348 
3714.56 CO, 0 0° i@? i 0.00304 
3723.05 CO. of 8 2 | 0.00295 (even) 

0.00321 (odd) 








TABLE III. Rotational constants By and /-type 
doubling constants g» for COz. 











Level Boyv2v3 Qviv2vg 
M1 ve U3 (cm~}) (cm~) 
0 0 O 0.3904 
oF i 0.3875 
10° 1 0.3873 
01 0 0.3918 (even) 0.0007 
0.3911 (odd) 

if fi 0.3888 (even) 0.0009 
0.3879 (odd) 

03 1 0.3892 (even) 0.0009 
0.3883 (odd) 
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Fic. 1. Absorption spectrum of CO:, 3541 to 3760 cm™. 
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The same procedure was used for the 3v2+v3— v2 
and v;+ve+v3—ve bands. In these two bands one 
observes the effects of /-type doubling where /=1, and 
the lines are shifted according to the relation Av 
=gJ(J+1), where g varies somewhat for the various 
vibrational states.’ In these cases a B value is deter- 
mined for both the even and odd rotational levels. 
The value of g is then given by, ¢=Bveveny— Bioaa). 
The average of the two B values is the B value for the 
state when no /-type doubling occurs. 

3G. Herzberg, Infrared and Raman Spectra of Polyatomic 


M 7 (D. Van Nostrand Company, Inc., New York, 1945), 
p. 377 ff. 


FRANCE AND F. P. 


DICKEY 


DISCUSSION AND RESULTS 


The results of the analysis of the five bands are 
tabulated in Tables II and III. 

The two parallel bands 02°1 and 10°1 are intense 
enough that the lines to J=60 are easily observable, 
and thus the constants should be rather accurate, 
The isotope band and the two “hot” bands are less 
intense and have many blended lines. Thus the in- 
dicated results are not likely to be too accurate, 
However, it is noteworthy that these results agree well 
with other published results.‘ 


4 G. Herzberg and L. Herzberg, J. Opt. Soc. Am. 43, 1037 (1953). 
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Magnetic Shielding of Nuclei in Molecules by a Variational Method* 
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The accurate measurement of nuclear magnetic moments requires a calculation of the magnetic field at 
the nucleus arising from the orbital motions of the electrons in the external magnetic field. In this note we 
outline a solution of the ‘‘magnetic shielding effect,” using the quantum-mechanical variation principle. 
Since all results are in terms of ground-state wave functions, such an approach may facilitate a purely 
theoretical evaluation of shielding constants. As a variation function we take a function of the type sug- 
gested by Hylleraas and Hassé and applied successfully to calculation of polarizabilities. Previously, 
Ramsey used a second-order perturbation method to calculate the magnetic shielding. His results are 
difficult to apply since the wave functions of excited electronic states of molecules are seldom available. 


O calculate the magnetic shielding at a particular 
nucleus, we assume with Ramsey'*: (1) that we 
have a polyatomic molecule in its ground state, which 
in the absence of an external field has no resultant 
electron spin or orbital angular momentum, (2) that 
all other nuclei have zero moment, and (3) that the 
nucleus in question has a moment of magnitude yw in 
the same direction as the applied field H. We take this 
to be the z direction and hold the nuclear skeleton fixed 
in an orientation specified by the subscript ». The 
energy of the electronic system is then calculated and 
all terms proportional to the product uH are collected 
and called W),’. The shielding constant o, is then given 
by 
Wy’ =pnHoy. (1) 
Thus o, is so defined that if an external field of unit 
strength is applied, a magnetic field with component 


* This work was supported in part by Contract AT(11-1)-298, 
with the U.S. Atomic Energy Commission. 

t General Electric Company Fellow, 1953-1954; National 
Science Foundation Post-doctoral Fellow, 1954-1955, Depart- 
ment of Physical Chemistry, University of Marburg, Marburg, 
West Germany. 
1N. Ramsey, Phys. Rev. 77, 567 (1950). 
2N. Ramsey, Phys. Rev. 78, 699 (1950). 
3 N. Ramsey, Phys. Rev. 86, 243 (1952). 





—o parallel to the applied field is induced at the nu- 
cleus by the motion of the electrons.‘ 

Using the three assumptions mentioned in the previ- 
ous paragraph, the Hamiltonian of the electronic 
system® may be written with sufficient accuracy in 
the form 


h? 


€ Qu 
R= —— > V2+V4+— 2D H+—)Iu 


2m &k 2mc k ries 





é 2u\? 
> = (+=) («2+ 4,7), (2) 
8mc? rie 

where /,; is the z component of the angular momentum 


of the Ath electron, 


h te) ce) 
L~= -(u—- _— ) : 
t\ Ov, OX 


Equation (2) implies that the vector potential depends 
only on the external field and on the nuclear magnetic 


4For a more detailed discussion of the shielding constant, se 
Norman F. Ramsey, Nuclear Moments (John Wiley and Sons, Inc., 
New York, 1953). 

5 For a discussion of the complete Hamiltonian of a system 
external electromagnetic fields, see Hirschfelder, Curtiss, a0 
Bird, Molecular Theory of Gases and Liquids (John Wiley and 
Sons, Inc., New York, 1954). 
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moment. Since we will use a Hylleraas*-Hassé’ type 
trial function and will be interested only in energy 
terms proportional to uH, the parts of the Hamiltonian 
proportional to uw? and H? may be dropped. Thus we use 

























H=HotwRi+HK2+yHR;, (3) 
where 
h? 
Io= eens 2. Viet V 
2m &k 
é Let 
I=— yo — 
me k re 
(4) 
e€ 
y= — > Lin 
2mc k 
| e ve yA? 
i3=—— = 
2mc? k ri 
As a variation function we take 
v= [1+ap5e: +6(HRot+pH3;) Wo, (5) 


where Wo is the normalized ground-state wave function 


satisfying 
IV o= EoVo. (6) 


J W*HVdr 


E(a,8)=_———. 


| W*Vdr 


Then 







































i- 1 | (5Ci[5C0,5Ce })a+ (Hol Fo, 5C1 ])a 
‘ D\ 2(RofHo,5Ce ])r 
(5C1L5C0,FCo })x+ (Hal ICo,5Ci ])r 
2 (Hel 5Co,ICe })a 
2 (5C15C1)x—2 (51)? 
2) (3C1FCo+-5CIC1),— 2 (HC1)a (He) 
, (5C15Co+ICoIC1) x— 2 (51) (He) 
m aay 
Di 2(H2K2),— 2 (He)? 
where 
D 2(5Ci[5Co,5C1 ])r 
(5Ci[5Co,HC2 ]}) + (ICoLFCo0,5C1 ])a 
ds 
‘ic This rather complicated result may be simplified 
a somewhat by referring back to our original assumption 
C., that there was no contribution to the vector potential 
, from the orbital motion of the electrons. Various quan- 
nd tum-mechanical interpretations of this assumption will 


°E. Hylleraas, Z. Physik 65, 209 (1930). 
"H. R. Hassé, Proc. Cambridge Phil. Soc. 26, 542 (1930). 
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If we choose a and 8 such that 


dE dE 
CA 

0a op 
and require that a and 8 behave properly as u and H 
tend to zero, we will have an approximation of the 
lowest energy level of the system in the magnetic field. 
For small » and H the result may be expanded in a series 


in powers of w and H. The coefficient of the wH term 
is just the o, we seek 


or= (H3)a 
+ aya (Hil Ho,5C1 })a 
+2b,bin (HL Ho,5e })r 
+ (aud +a nby) (KiL5C0,H2 J+-H2[H0,5C1 ])a 
+ (ay+bx)[ (5C1FCo+5C C1), — 2 (5C1)a (Io) a] 
+ 2an[ (5C15C1),— (51) 92] 
+2b,[ (522), — (Fo) ?)]. 


(8) 


(9) 


Here the symbol (), represents the matrix element 
diagonal in the ground state evaluated with the nuclear 
skeleton held fixed in the orientation specified by X, 
and [ 0,@] is the commutator of © and @&. Thus, for 
example, 


(5C15C1), = J votsesseiadr = (5C 1”), 
(10) 


[Ho,5C1 |= FCoIHL1— 5C Ho. 
Also, 


2(50151),— 2(5C1)x” 
(3C1FCo+HIC1),— 2(H1)a(He)a 






(HiHCo+IC IC 1) x— 2 (HC) (He) 
2 (Hee), — 2 (He)? 
2(5Ci[5Co0,5C1 ]), 
(51 5Co,ICe }) a+ (HeLIHo,5Cr ]) 
2(5iLHo,5C1 ]), 
(Hil Ho, ]),+ (Hol Ho,IC1 ])r 
(Ii Ho,5Ce }),+ (Ho FHo,5C1 ])r 

2 (He[5Co,5Ce ])a 











give varying degrees of simplification of this result. 
The absence of orbital angular momentum certainly 
implies that (assumption 1, aforementioned) 


e 
(H2),=——(L£.),=0, 
2mc 


(12) 
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and (assumption 2) 


(5C25C 2), = 





(£ f) ,=0. 
4m?¢? 


Setting these quantities equal to zero in o affords a 
slight simplification. If we assume, further, that 
(assumption 3) 


[50/52 ]=——[50,2,.]=0, (13) 


2mc 


the result becomes very much simpler. Noting that 
HiH2=H2IC; exactly, 








(5C15C 2)” 
orn= (H3), +12 . (14) 
(GC2[FC0,5C1 })a 
Consistent with [30,2 ]=0, it may be shown that 
3eh? r;° 1.;V; 
[3€o,5C, |=—— )|- ———. (15) 


mc i 7; 
This result, together with the definition of the operators 
gives, finally, 
1 2 
—I, ds ) 
ir? : PN 
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Resonance absorption and nuclear induction methods 
use molecules of all orientations, so this shielding con- 
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stant must be averaged over all possible orientations, 
The first term, corresponding to the Lamb correction 
for atoms, is easily averaged since x, y, and 2 are 
identical under such an average. Finally, 


é 1 
(=~) 
3m i 7; 
rc 1 2 
E — ds) 


2e? ir? " 
Av), -——_——— fr. (17) 


Lee r;°1,;V; 
E hes ) 
( aj r;° r 


Here the symbol Ava{_P,] is symbolic for the geo- 
metrical averaging over all orientations \ corresponding 
to the Eulerian angles: a, 8, and y. Thus 


1 2r T 2r 
AnLPl=— f f f P, sinBdadBdy. (18) 
8r-ty Yo Yo 


Boltzmann averaging would be more accurate if the 
material were not isotropic. 

This result may be compared with the earlier results 
of Lamb’ and Ramsey.’ For atoms, Lamb got 


= (r - (19) 


3mc r; 


o=Av,[o. ]= 

















Ramsey’s result for molecules is 


(Ok| d- 1.5| wk’) (mk! | Xo 1.5/7 |OR)+ (OR| 1,;/138| mk’) (mk' |X 1,;| OR) 


(20) 








+ 


 é 1 é 
-—(r-)-—_ 5 
3meX\ i 734 2c? nk’ 


where the sum over ,k’ extends over all excited elec- 
tronic states. Here k is the magnetic quantum number 
and n is symbolic for the remainder of the quantum 
numbers for the molecule. The summation over k’ is 
equivalent to our averaging over orientations. 

Thus with both Ramsey’s treatment and ours the 
lead term is the same as that obtained by Lamb for 


E,—Eo 

atoms. Our second term, however, is given in terms of 
the properties of the ground state of the molecule, 
whereas Ramsey’s expression involves the properties 
of the excited molecular states. Numerically the two 
equations should give very nearly the same results. 





8 W. Lamb, Phys. Rev. 60, 817 (1941). 
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The mass spectrum of lithium-iodide vapor produced from salt heated in an oven in the ion source of an 
analytical mass spectrometer was investigated as a function of oven temperature. Evidence was obtained 
for the existence in the vapor of both monomer and dimer. Partial heats of sublimation to monomer and 
dimer at 0°K were found to be 44.9+0.7 and 45.5+:2 kcal respectively. The heat of dissociation of (Lil)2 
into gaseous monomers was found to be 44.4+2.2 kcal. The partial heat of sublimation of monomer was 
used with supplementary thermochemical data to obtain values for the lattice energy and the heat of 


dissociation of the diatomic molecule. 


Appearance potentials for the major ions in the spectrum where determined. Upper limits for the energy 
of dissociation of the gaseous diatomic molecule were derived from the appearance potentials of Lit and 
I+ which were slightly higher than the thermochemical value. 





I. INTRODUCTION 


EUTLER and Levi! and Mayer and Helmholz? 

reported 46.8-+ 2.6 and 38.7+4.3 kcal/mole respec- 
tively for the heat of sublimation of lithium iodide at 
0°K. These divergent values lead to 3.26 or 3.78 
electron volts for the heat of dissociation of the gaseous 
diatomic molecule if the higher or lower heat of sublima- 
tion is used. Herzberg* took a weighted average of the 
two measured values giving 3.58 electron volts for the 
dissociation energy. 

In both cases heats of sublimation were computed 
from vapor pressure data at elevated temperatures. It 
appeared that this system could be profitably studied 
using a mass spectrometer as the detector element in 
an effusion experiment. The spectrometer affords 
both high sensitivity of detection and the advantage of 
a means of analysis of the composition of the vapor. 

The possibility of obtaining independent information 
on the related thermochemical quantity, the heat of 
dissociation of the gaseous diatomic molecule, from 
appearance potential measurements strengthened 
interest in the development of the mass spectrometer 
technique for this type of problem. 


II. EXPERIMENTAL 


A number of preliminary experiments were carried 
out with a small quartz retort mounted on a heater 
coil of 15 mil molybdenum wire. Their object was to 
determine the mass spectrum of the gas obtained from 
the free evaporation of anhydrous lithium iodide 
crystals. The retort was necessary because of the 
downward geometry of the ion source of the General 
Electric Analytical Mass Spectrometer used in this 
work. In later experiments the glass envelope of the 
ion source was opened, fitted with a ball joint, and a 


*Research performed under the auspices of the U. S. Atomic 

hergy Commission. 

'H. Beutler and H. Levi, Z. physik. Chem. B24, 263 (1934). 

*J. E. Mayer and L. Helmholz, Z. Physik 75, 19 (1932). 

*G. Herzberg, Molecular Spectra and Molecular Structure 
-_ Molecules (D. Van Nostrand Company, Inc., New York, 


small hole was drilled in the lower side of the ionization 
chamber so that an oven or crucible could be inserted 
with mouth upward between the repeller and bottom 
plate of the ionization chamber. 

Several problems were brought to light in these 
preliminary studies. It was found necessary to minimize 
the heat input on the oven or retort used for the 
generation of a molecular beam. Excessive heating 
produced a differential expansion in the plates of the 
ion source with severe reduction of source efficiency. 
Furthermore heat applied to the source and surrounding 
envelope generates a high background in the spectrom- 
eter by out-gassing normally cold surfaces. This has 
been observed to produce a continuous spectrum of 
masses from 12 to 100. It was a fortunate circumstance 
that in the spectrum of lithium iodide the mass regions 
of interest were not seriously subject to background 
interference. 

A second serious difficulty was source contamination. 
Layers of salt would gradually deposit in the course of 
a run on the conducting and insulating surfaces of the 
ion source. At moderate termperatures and high 
voltage, leakage paths were formed which destroyed 
the focusing properties of the source. When arcing 
was detected the ion source was removed, disassembled, 
and carefully cleaned. Source contamination could be 
minimized by operation at high sensitivity with a 
carefully placed oven. 

In studying the spectrum as a function of increasing 
temperature there is some danger of re-evaporation of 
salt condensed on the walls of the source. This was 
minimized by use of an auxiliary heating coil placed 
in the top gas inlet port of the source. The coil was 
used to heat the source prior to a run or between 
points on the temperature curve to effect a cleanup of 
the more sensitive surfaces. 

The data reported below were obtained using the 
oven sketched in Fig. 1. The oven was fabricated from 
nichrome rod and insulated from the molybdenum 
heating coil which supported it by a thin layer of 
Sauereisen No. 78 electric-resistor cement. The 15-mil 
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Fic. 1. Oven used for evaporation of Lil. 


molybdenum coil heater was spot welded to heavy 
Kovar leads which were mounted on a ball joint. The 
ball joint could be waxed either to the head of the 
spectrometer envelope or the port below the ion source. 
The source magnet and magnet support were rearranged 
so that the area under the upper part of the mass 
spectrometer tube was accessible. A chromel-alumel 
thermocouple was spot welded to the top of the oven 
to insure good thermal contact. The thermocouple was 
calibrated at the freezing point of zinc and also in vapor 
baths of water, aniline, and diphenylamine at their 
boiling points at atmospheric pressure. Thermocouple 
EMF was measured with a Rubicon potentiometer. 

The thermocouple leads, cold junction, and poten- 
tiometer were insulated for high voltage because of 
the proximity of the oven plug to the ionization 
chamber. 

Alternating current stabilized by a sola constant 
voltage transformer fed through a variac to a step down 
transformer was used to heat the oven coil. 

Spectra were taken in the conventional] manner using 
50 volt ionizing electrons and magnetic scanning. 
Temperature runs were made both with ascending and 
descending temperatures. The ion-current amplifiers 
were operated with 5X10" ohm input resistors produc- 
ing a deflection of one chart division per 2X10-" 
ampere ion current. 

Several independent approaches were made to the 
problem of mass identification. Isotopic abundances, 
and more precisely the use of internal standards such as 
H,0, Ne, and Hg background peaks were used. Precise 
measurement of magnet flux was made with a Varian 
Associates Nuclear Fluxmeter in magnetic scanning of 
the spectrum at constant ion-accelerating voltage. 
Alternatively masses were identified by operating at 
constant magnet flux and measuring the accelerating 
voltage. This was done through a simple dividing 
network and a Leeds and Northrup type K poten- 
tiometer. 

Appearance potentials were taken by the vanishing- 
current method using rare gases, neon, argon, and 
krypton to calibrate the voltage scale. 


III. RESULTS 


The mass spectrum presented in Table I contains 
the polyatomic ions Li;I,*+, Li.I2+, and Li:I* as well 
as Lilt, HI‘, I-, and Li*. Only the atomic and diatomic 
ions would be produced by electron bombardment of 
diatomic molecules in this experiment. Secondary 
reactions of ions, atoms, or molecules in the small 
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volume of the ionization chamber, approximately 2 
cubic centimeters, at pressures less than 10~° mm Hg are 
ruled out from elementary kinetic theory considerations, 
Wall reactions can not plausibly account for the yield 
of Li,I*+. The probability of evaporation of aggregates 
of Lil from the walls of the ion source which were for 
the most part at least 100° below the oven temperature 
is very small. No significant change in the ratio of 
Li,I+/Lil* was observed in the course of runs during 
which considerable buildup of solid salt was noted in 
the source. The fact that the observed ions are entirely 
produced by electron impact rather than by direct 
evaporation or a surface ionization phenomenon was 
established from ionization efficiency curves in which 
all yields vanished at sufficiently low-ionizing electron 
energies. 

The data presented in Table I serves mainly to 
establish the existence of complex species in Lil vapor. 
It should be noted that the spectrum while typical of 
many experiments is sensitive to instrumental condi- 
tions. Variation in the ratio of Li,.I*/Lil* were observed 
in different experiments but never below the melting 
points with a specific sample of salt in a fixed geometry 
of oven and ion source. These variations were not 
investigated because they did not interfere with the 
main portion of this work, i.e. temperature and appear- 
ance potential studies. Problems in systematically 
varying the parameters of oven and source geometry 
which may have a bearing on the variations in relative- 
ion intensity are still to be solved with the equipment 
in use. 

The interpretation of mass spectra in terms of parent- 
neutral molecules is perhaps the most difficult problem 
associated with the integration of mass spectrometer 
and effusion techniques. Ionization cross sections must 
be determined empirically. In this work an assumption 
based on the general behavior of halogenated molecules 
such as CCl, and the trichlorides of the group V 
elements, would predict that Li;I;* and Li,I* are 
formed from trimers and dimers of Lil. The possibility 
that both are formed from trimers or even higher 
polymers can not be ignored. 

In studies of ion yields as a function of oven tempera- 
ture, thermochemical data can be obtained only if a 


TABLE I. Mass spectrum at 700°K. 











Mass Ion Relative intensity 
6 Lié 4.0 
7 Li? 49.8 
127 I 12.8 
128 HI 4.2 
133 Li®I 3.8 
134 Li’I 49.5 
139 Li®.T 0.6 
140 LifLi’I 16.0 
141 Li’. 100.0 
254 I, 22 
268 Li*eI2 0.7 
274 Li®Lie"I. 0.6 
275 Li3"I2 2.6 

















































sound r 
of a par 
of the n 
assumec 
are inde 
range of 
shown t 
and CH 
by incre: 
a mino} 
produces 
decrease 
tempera 
rate of | 
Since th 
density « 
electron 
of a in tk 
temperat 


where K 
section a: 
Partial 
can not | 
However 
mined pr 

Identif 
LiI* anc 
ences in | 
1/T°K <¢ 
Clausius 














=n ( 


nas © OS 


— 


MASS SPECTRUM OF LITHIUM IODIDE 


sound relationship is established between the intensity 
of a particular ion and the partial pressure or pressures 
of the neutral species from which the ion is made. It is 
assumed that electron-impact ionization cross sections 
are independent of temperature in the temperature 
range of these experiments. Stevenson‘ and Berry® have 
shown that, for simple molecules such as COs, C2He, 
and CH, increasing the internal energy of a molecule 
by increasing the temperature of the ion source produces 
a minor or trivial effect on the distribution ions 
produced by electron impact. The total ion yield 
decreased linearly with square root of increasing 
temperature indicating for simple molecules increased 
rate of effusion from the source as the major effect. 
Since the ion current is directly proportional to the 
density of neutral molecules in the source at constant 
electron energy and intensity, the partial pressure P, 
of a in the oven is related to ion current, I,, at absolute 
temperature T by 


Po=Kal oT (1) 


where K, is a constant containing the ionization cross 
section and the other constant factors in the experiment. 
Partial pressures and ratios of pressure or equilibria 
can not be determined as long as the K, are unknown. 
However partial heats of sublimation may be deter- 
mined providing K is temperature independent. 

Identification of the neutral molecules from which 
Li.I* and Lil* were formed was made from the differ- 
ences in slopes of the plots of log P or log JT against 
1/T°K above and below the melting point. The 
Clausius Clapyron equation 


InP AH 


d cone 2 
d(i/T) R @) 


TABLE II. Experimental data. 








logIT 
Lil Liesl 1/T°K X1000 


3.9766 4.3687 1.580 
4.0332 4.4049 1.574 
4.4845 4.8663 1.522 
4.7149 5.0671 1.503 
4.8090 5.2070 1.490 
5.0908 5.4790 1.460 
5.1415 5.5248 1.451 
5.3203 5.7159 1.434 
5.4020 5.7699 1.426 
5.4324 5.7939 1.422 
5.4556 5.8167 1.418 
5.6153 5.9640 1.401 
5.7315 6.0699 1.391 
5.7999 6.1365 1.379 
5.8639 6.1898 1.370 
5.8969 1.369 
6.0300 6.3235 1.353 
6.0553 6.3521 1.346 
6.0886 6.4090 1.345 
6.2688 6.5471 1.319 











‘D. P. Stevenson, J. Chem. Phys. 17, 101 (1949). 
°C. E. Berry, J. Chem. Phys. 17, 1164 (1949). 











! ! ! 
130 140 1.50 


1/Tx 10® °K 
Fic. 2. Plot of logio/ T vs 1/7 108 °K. 





is used to derive heats of vaporization and sublimation 
from the respective slopes. The heat of fusion is obtained 
from the equation 


AH,—AH,= AH. (3) 


In the evaporation of monomer the observed AH; from 
the vapor-pressure data is equal to independently 


determined values, i.e. from calorimetric studies. 
The evaporation of dimer or polymer requires the 
fusion of 2 or ” moles of solid per mole of vapor and 
consequently AH; from dimer or polymer vapor- 
pressure data will be 2 or 7 times AH; observed for the 
monomer or obtained on a molar basis by other means. 
Thus the magnitude of the heat of fusion from Eq. (3) 
gives the degree of polymerization of substance 
evaporating providing that a value for the molar heat 
of fusion is available. Nonintegral values from Eq. (3) 
would reflect production of ions from, more than one 
neutral species with a properly weighted average 
revealing the respective contribution of monomer, 
dimer, etc. 

The results of the Lil* and Li,I* temperature studies 
are presented in Table II and plotted in Fig. 2. The 
data are well fitted by equations of the form 


log T= A+B(1000)/T. (4) 


No corrections for the difference in heat content of 
the solid and the gas over the temperature range was 
made. The constants A and B were evaluated above 
and below the melting point, 450°C, for both ions by 
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TABLE III. 
A B A4H723 AHy 
Lils 18.50 9.17 41.9+0.5 44.9+0.7 
Lill 16.44 7.71 35.2+0.5 
LinI s 18.52 8.93 40.8+0.5 45.542.0 
LigI / 15.73 6.95 31.8+0.5 








the method of least squares. Results are given in 
Table III. 

Heats of sublimation and vaporization at 720°K were 
computed from these constants using the Clausius 
Clapyron equation and are presented in Table III. 
“Heats of fusion” for neutral molecules from which LiI* 
and Li,I*+ are formed respectively are 6.70.7 and 
9.0+0.7 kcal. These are to be compared with 4.00.5 
kcal per mole reported by Beutler and Levi and 
checked by cooling curve data kindly supplied by 
A. Schardt and W. Bernstein. 

These results indicate production of Li.I* from LizI2 
and Lil* from roughly equal quantities of Lil and Liglb». 

Errors estimated for the AH values are mainly from 
precision of the experimental points in the sublimation 
and vaporization data, approximately 0.3 kcal, and 
the propagation of this error in the subtraction of the 
latter from the former to determine the heat of fusion. 
A possible 0.5 percent systematic error in temperature 
was also considered. 

Since the fusion data indicate production of Li,I+ 
from LipI2, the heat of sublimation at 723°K from 
Li,I* data are taken as the heat of sublimation of Lie». 
The Lil* data must be corrected upward slightly, by 
1.1 kcal, for the contribution of Li,I, to Lil* on 
electron impact. Fortunately the difference between 
AH, of monomer and dimer is small, and consequently, 
the correction arising from the fact that roughly 
half of the Lil* may be produced from dimer introduces 
little error in the results. 

Heats of sublimation at 0°K are presented in the 
last column of Table III. They were obtained by 
addition of the difference between the heat content 
of the solid and the vapor over the temperature range 
to heats of sublimation at 723°K. The heat content of 
the solid was obtained from data of Slonim and Huttig® 
with a small extrapolation up to the melting point. 
Heat contents of monomer and dimer were taken as 
7/2RT and 4RT respectively plus a vibrational contri- 
bution. The vibrational frequency of 450 cm™ for the 
diatomic molecule taken from Beutler and Levi and 
assumptions similar to those used by Zimm and Mayer’ 
on K2Cls, namely that five of six normal modes in the 
dimer were equal to the monomer frequency and one 
bending frequency was down by a factor of ten, were 
used to estimate the respective vibrational heat 
contents. Possible errors in the latter assumption 
increases the uncertainty in the dimer heat of sublima- 


6 C. Slonim and G. F. Huttig, Z. anorg. u. allgem. Chem. 181, 
58 (1929). 
7B. H. Zimm and J. E. Mayer, J. Chem. Phys. 12, 362 (1944). 


tion at 0°K by a very slight amount of the order of 
0.5 to 0.75 kcal at most. The heat of association 
reaction, 


can be shown by a simple thermochemical cycle to be 
equal to the difference between the partial heat of 
sublimation of the dimer and twice the heat of sublima- 
tion of the monomer. At 0°K this is 44.4+2.2 kcal. 
Zimm and Mayer computed an upper limit of 47 kcal 
for the similar case in KCl. They also concluded that 
KCl was less than 2 percent associated in the vapor 
phase from entropy data. 

In the case of Lil one would be forced to postulate a 
very implausible ratio of ionization cross sections if the 
extent of association were this small. Support of the 
existence of easily detectable quantities of associated 
alkali halides is found in the recent work of Kusch and 
co-workers.® Neither this work nor mass spectra establish 
the extent of association. Calculations of equilibria from 
the heat data and estimated entropies of monomer and 
dimer are unprofitable in view of the uncertainties in 
the vibrational entropy of the dimer. The resolution of 
the problem of association equilibria requires independ- 
ent information either on the structure of the dimer or 
the relative concentration of monomer and dimer 
measured by a more direct and reliable means. 

The magnitude of the heat of dimerization indicates 
strong chemical bonding in the dimer which may be 
rationalized by assuming the dimer to be a square 
structure with like ions at opposite corners and purely 
Coulombic forces holding the aggregate together. It 
must be noted that the latter assumption is somewhat 
speculative in the case of Lil since it has been estimated 
to have only 43 percent ionic character.® 

In support of the assertion that the heat of association 
can be rationalized by using an ionic model one can 
compute the interatomic distances from the energy of 
association on this basis and consider their plausibility. 

No direct data is available on the interatomic 
distance of the gaseous diatomic molecule. The sum of 
the ionic radii is 2.76 A. The distance computed from 
the ionic heat of dissociation 129.1 kcal! is 2.55 A. 


TABLE IV. Summary of Lil data. 











Mayer Verwey Beutler 
This and an and 
work Helmholz Huggins de Boer Levi 
Lattice 
Energy 174.043 174.1 176.1 178.1 
AH sub. 44.94+0.7 38.7+4.3 46.843 
AH aissoc- 78.843 87.4+4.3 75.043 
88.0+3.5% 82.0+2° 








® From electron impact appearance potentials. 
b From optical studies on Lil vapor. 


8P. Kusch, J. Chem. Phys. 21, 1424 (1953); Ochs, Cote, and 
Kusch, J. Chem. Phys. 21, 459 (1953). , 

9L. Pauling, The Nature of the Chemical Bond (Cornell Univer- 
sity Press, Ithaca, 1944). 

io B. N. Srivastava, Proc. Nat. Inst. Sci. (India) IV, 365 (1938). 
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This contraction of 0.2 A from the sum of ionic radii in 
the solid state is consistent with observations on NaCl 
and KCI in which electron diffraction data is available 
for the gases. The heat of association is related to the 
ionic heat of dissociation of the monomer by the 
equation 

AH as. 2 Tmon. 

———_ = |+-= -2 (6) 
ATT ais. V2 Sraim- 


where the respective r’s represent interatomic distances. 
This gives a value of 2.82 A for the separation of 
positive and negative ions in Lily. The distance is 
somewhat greater than the sum of ionic radii but smaller 
than the separation of ions in the crystal, 3.02 A, where 
anion contact determines the interatomic distance. 
The assumption of purely electrostatic interaction of 
ions and the assumption of a square planar dimer 
permits deduction of plausible interatomic distances 
from the thermal data. 

Table IV is devoted to a summary of data derived 
mainly from the heat of sublimation of the monomer 
and an experimental value of the heat of ionic dissocia- 
tion of Srivastava,” the ionization potential of lithium 
and the electron affinity of iodine. The first row contains 
lattice energies computed from experimental data, i.e. 
the sum of the heat of sublimation and heat of ionic 
dissociation, and theoretical values of the lattice 
energy. The experimental value is in best agreement 
with the datum of Mayer and Helmholz. A result is ob- 
tained in somewhat poorer agreement with Huggins,” 
although still well within the limits of experimental 
error as contrasted, with results of Verwey and de 
Boer” where a 4.7 kcal discrepancy is noted. 

The heats of sublimation are presented in the second 
row, and they reveal how the result obtained in this work 
is bracketed by the earlier studies. The remarkable 
point is that the results are in as good agreement in 
spite of the fact that a much more complex mechanism 
of vaporization is operative than previously considered. 
As previously noted the differences in the heat of 
sublimation are reflected in the heat of dissociation 
computed from thermochemical cycles. The value 
obtained using the lattice energy of 174 kcal, the 
ionization potential of Li and electron affinity of 





TABLE V. Appearance potentials. 








Appearance potential 





m/e Ion in ev 
134 Li7It 8.55+0.15 
141 Li,?I* 8.75+0.10 
7 Lit 9.2 +0.15 
7 Lit 11.75+0.20 
127 It 14.5 +0.20 
128 HIt 10.25+0.1 
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''M. L. Huggins, J. Chem. Phys. 5, 143 (1937). 
(1936) J. W. Verwey and J. H. de Boer, Rec. trav. chem. 55, 431 
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Fic. 3. Ionization-efficiency curves. 


iodine is in good agreement with 82.0+2 kcal obtained 
optically by Beutler and Levi. Appearance potential 
studies on Lit and I* gives 88+3.5 kcal as an upper 
limit for the dissociation energy. The observed appear- 
ance potential for Lit serves more to establish the 
process by which the ion is formed rather than provide 
a precise value for the minimum energy required to 
dissociate Lil. 


IV. APPEARANCE POTENTIALS 


The appearance potentials for the major ions in the 
spectrum are presented in Table V. The value of 8.55 
volts may be assumed to be an upper limit for the 
ionization potential of the Lil molecule. It is possible 
for the reaction, 


(Lil) Lil++Lil- (7) 


to take place and if the electron affinity of Lil were 
greater than the heat of association of the dimer 
then the threshold at 8.55 volts could be lower than 
the ionization potential of Lil. Since both the electron 
affinity and ionization potential of Lil are unknown, 
the mechanism of the process is only tentatively 
assigned to simple ionization of the diatomic molecule. 

The situation with respect to the Li,I* ion and its 
threshold of 8.75 ev is quite similar to that in Lil*. 
The ionization potential of the radical is unknown, and 
dissociation with the formation of negative ions or 
neutral species can not be readily distinguished. 

While a number of mechanisms are possible in the 
production of Lil* and Li,I*, only one threshold was 













detected in each case. Both ionization efficiency curves 
were well-behaved, and no breaks were detected in their 
linear portions. This was not the case in the Li* ion, 
and ionization efficiency curves at two gas pressures 
are shown in Fig. 3 with a krypton curve for reference. 
The first threshold is characterized by its consistency 
with the heat of dissociation of the diatomic molecule 
to be 

e+ Lil-Lit+1I-+2e. (8) 


The second requires some 2.5 more volts energy and 
fits best the process 


e+ (Lil) >Lit-+Lil+ I+ 2¢. (9) 


The fit is high by approximately ¢ of a volt indicating 
the formation of one or more of the products in an 
excited state or with some excess kinetic energy. 
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The appearance potential of I* 14.5 ev fits the 
dissociation of Lil into neutral Li and I*. Here again 
the value is slightly high when compared with the 
thermal data. Thus 3.9-+0.2 is compared with 3.50.1 
ev. 

The ionization potential of HI is included to show 
the accuracy with which the ionization potentials of 
molecules may be determined in favorable cases. A value 
of 10.25 ev is reported which compares favorably with 
10.39 ev obtained by Price.” 

The author wishes to acknowledge the assistance and 
cooperation of A. P. Irsa in carrying out this work and 
the valuable comments of Dr. Mark Inghram in review 
of the manuscript. 


13 W. C. Price, Proc. Roy. Soc. (London) 167, 216 (1938). 
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On Intermolecular Forces and the Crystal Structures of the Rare Gases* 


rare gases is investigated for a face-centered cubic lattice and a structure of hexagonal closest packing. 
Two models of the potential field are used: a Lennard-Jones (s,6) potential and a “modified” Buckingham 
potential (a,6). The effect of zero-point energy is taken into account on the basis of Corner’s method. 
It is found that for an addititive Lennard Jones (s,6) potential (s between 7 and 16) the hexagonal structure 
is the stable one. For an additive Buckingham potential (a,6), with a varying from 10 to 16, the hexagonal 
lattice is again more stable than the cubic structure. For both forms of the potential field considered in the 
analysis, the differences in energy between the two structures is of the order of one ten-thousandth of the 
cohesive energies of the crystals. These results agree with the conclusions reached by Kihara and Koba, 
who neglected the influence of zero-point energy. It is known from experiments that neon, argon, krypton, 
and xenon crystallize in the face-centered cubic lattice. Therefore, if additivity of intermolecular forces is 
assumed, the results indicate that neither the Lennard Jones nor a modified Buckingham potential can 
explain the crystal structures of the rare gases except helium. The possible importance of many-body 


interactions is discussed. 


I. INTRODUCTION 


OR the accurate determination of intermolecular 
parameters from experimental data two models 
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The relation between the intermolecular potential field and the stability of crystal structures of the 
which may be written in the form: 
€ 
(1) =——[ 6"! —ax(r0/r)®], (2) 
a—6 


for the potential field have been used most frequently. 
The first model is the Lennard Jones (s,6) potential : 


6()=—[6(ra/7)"—s(ro/)4) (1) 


S= 


where r is the distance between the centers of two 
molecules and ¢ is the depth of the potential minimum 
at r=ro. The second model is the “modified” Bucking- 
ham potential (a,6), also called the “exp-six’”’ potential 


* Supported by the Office of Naval Research under Contract 
Nonr-595 (02). Reported in part in J. Chem. Phys. 22, 1619 (1954). 


where a is a parameter which measures the steepness 
of the repulsive energy. The second potential is some- 
what more realistic, since theoretical calculations give 
an exponential decrease of the first-order interaction 
with the distance. Corner,! employing a Buckingham 
potential with an additional term for the induced 
dipole-quadrupole interaction (varying as 1~°) has 
shown how the various parameters may be determined 
accurately for neon and argon by combining gas 
properties and crystal data. In the calculation of the 


1 J. Corner, Trans. Faraday Soc. 44, 914 (1948). 
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crystal energies, Corner took into account the influence 
of zero-point energy on the properties of the crystals. 
Mason and Rice? extended this method to include 
experimental transport property results for a number of 
simple, nonpolar molecules, using the modified Bucking- 
ham potential (2) as a model. The resulting values of 
a are: neon 14.5; argon 14.0; krypton 12.3; and xenon 
13.0; these values are of importance for the following 
calculations. 

On the other hand, a sensitive test of the accuracy 
of the proposed intermolecular potential lies in the 
explanation of the specific crystal structures. As is 
known from experiments, neon, argon, krypton, and 
xenon form face-centered cubic crystals, whereas 
helium crystallizes (under pressure) in a structure of 
hexagonal closest packing. Lennard Jones and Ingham? 
calculated the potential energy of molecular crystals 
for three types of cubic lattices: simple cubic, cubic 
body-centered, and cubic close-packed (face-centered 
cubic). They found that for a potential of the form: 


(1) =An/1™—Xm/1™5 


the face-centered cubic structure is more stable than a 
body-centered, and a body-centered is more stable than 
a simple cubic lattice. 

However, there are two structures of closest packing, 
cubic and hexagonal. The number of nearest neighbors 
in both structures is 12; the number of next nearest 
neighbors, which are 2? times farther apart from the 
central molecule, is equal to 6, both in the cubic and 
in the hexagonal lattice. In the cubic structure the 
molecules in the third shell are 34 times farther away, 
but in the hexagonal lattice this distance is only 
(2+)? times the distance between nearest neighbors. 
Kihara and Koba‘ extended the calculations by compar- 
ing the potential energies of the hexagonal and the 
cubic close packings. These authors used the potential 
functions (1) and (2), with the parameter s varying 
between 7 and 18, and a in (2) between 8.5 and 18. 
Their results for the Lennard Jones potential show that 
the hexagonal lattice is somewhat more stable than 
the cubic close packing for any value of s. The results 
for the Buckingham potential are particularly interest- 
ing, since they show that for a<8.765 the face-centered 
cubic lattice is the preferred structure, whereas for 
a>8.765 the hexagonal lattice is more stable. 

Two remarks should be made in connection with 
this result. First, the limiting value of a is much lower 
than the experimental values for the noble gases neon, 
argon, krypton, and xenon, which crystallize in the 
face-centered cubic structure. Second, the value 
a=8.765 is very extreme for the modified Buckingham 
potential, since the lowest value of a which gives a 
potential minimum is about 8.5. In addition, Kihara 


m<n 





?E. A. Mason and W. E. Rice, J. Chem. Phys. 22, 843 (1954). 
*J. E. Lennard Jones and A. E. Ingham, Proc. Roy. Soc. 
(London) A107, 636 (1925). 
‘T. Kihara and S. Koba, J. Phys. Soc. (Japan) 7, 348 (1952). 


and Koba neglected the effect of zero-point energy on 
the stability of the crystal structures because helium, 
despite its large zero-point energy, crystallizes in the 
slightly more dense hexagonal lattice.’ As a further 
simplification the intermolecular field was assumed to 
be additive (i.e. the total potential energy may be 
calculated as a sum over isolated pairs of molecules). 

As possible explanations for the discrepancy between 
the theoretical and experimental values of a it should 
be mentioned first that the inclusion of zero-point 
energy may shift the limiting value of a appreciably. 
Second, it is known from theoretical considerations that 
the intermolecular field is not strictly additive. First- 
order (repulsive) forces between neutral molecules are 
not additive, because they are the roots of secular 
equations which are in general irrational.®:* Second- 
order forces are additive only if the wave functions 
of the different atoms do not overlap.*:’ In addition 
Teller and Axilrod® have shown that in third-order 
perturbation theory, even for non-overlapping wave 
functions, a slight nonadditivity occurs which decreases 
the attraction. Although the nonadditive contributions 
are relatively small (compared with the additive 
components), they may have a decisive influence on 
the crystal structure of a substance when two similar 
structures are likely. Axilrod® evaluated the third-order 
nonadditive contribution for the noble gases and 
compared its magnitude for the f.c.c. and h.c.p. crystals. 
It was found that this effect favors the f.c.c. structure, 
but the difference between the two crystals is only 
about one ten-thousandth of the cohesive energy and 
hence cannot explain the absolute stability of the 
f.c.c. structure. 

Since manybody forces lack spherical symmetry, 
their contribution to the crystal energies of the two 
lattice types may be different for the following reasons: 

(a) For reasons of symmetry. Directional differences 
may already be manifest in the arrangement of the 


first neighbors. An explanation in this direction has 


been suggested by Prins.’ He supposes that a compres- 
sion of the 8-electron shells of the heavy rare gases is 
in the cubic structure more favorable than in the 
crystal of hexagonal symmetry. 

(b) For reasons of density. Nonadditive contributions 
weaken in general the attractive forces between the 
molecules. The first two shells of molecules are at the 
same distances from the central molecule in the two 
lattices, but the third shell is somewhat closer to the 
central molecule in the hexagonal lattice. Therefore, 
nonadditive terms in the attractive forces tend to 
stabilize the cubic lattice. 


5 T. Kihara, Revs. Modern Phys. 25, 831 (1953). 

5H. Margenau, Revs. Modern Phys. 11, 1 (1939). 

6 P. Rosen, J. Chem. Phys. 21, 1007 (1953). 

7F. London, Z. Physik. Chem. 11B, 222 (1930). 

8 B. M. Axilrod and E. Teller, J. Chem. Phys. 11, 299 (1943). 
9 a Axilrod, J. Chem. Phys. 17, 1349 (1949); 19, 719, 724 
1951). 

10 Prins, Dumoré, and Tjoan, Physica 18, 307 (1952). 
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Accurate calculations of these effects are not avail- 
able. We therefore restrict ourselves mainly to the 
determination of the total energy of the crystals at 
absolute zero, including the zero-point energy, assuming 
that the assumption of additivity is valid, and that the 
intermolecular forces have spherical symmetry. 


Il. DETERMINATION OF ZERO-POINT ENERGY 


The zero-point energy of a molecular crystal is 
calculated using the method proposed by Corner." In 
this model the molecules carry out harmonic oscillations 
around their equilibrium positions. The frequency of 
oscillation is calculated for one molecule with the other 
molecules at rest. The following expression for the 
zero-point energy is then obtained (per molecule) : 


caeroxfie-o(2)" eo 9(°) 9] 


(3) 


for a Lennard Jones potential (s,6), with 


roi(’) fove-or()"" 


A*=h/o-m'-é (5) 


where g is the intermolecular distance for zero potential 
and m is the mass of a molecule. Further, a is the nearest 
neighbor distance in the crystal, and the C, are crystal 
sums for the f.c.c. lattice, tabulated by Lennard Jones 
and Ingham?’ and Kihara and Koba.‘ For the h.c.p. 
lattice analogous equations (3), (4), and (5) hold, 
with C, replaced by H,, etc. Values for the hexagonal 
crystal sums were determined by Goeppert-Mayer 
and Kane” and Kihara and Koba. 

The range A*=0, 0.1, . . ., 0.7 covers all rare gases 
except helium; the zero-point energy for helium is too 
large to be calculated with Corners model of harmonic 
oscillations. For the Buckingham potential the zero- 
point energy is: 


a a 1 C373 
valercionr()f(2t errs] 
a—6 iy - 


with : ' 
cone ZJ0 0 


and x(a)=70/o is a solution of the transcendental 
equation: 


6 exp(a—a/x) =a.x°, (8) 
Furthermore R* is the reduced lattice distance a/ro. 


Values for G(a) can be computed from a table for 


11 J. Corner, Trans. Faraday Soc. 35, 711 (1939). 
( oop Goeppert-Mayer and G. Kane, J. Chem. Phys. 8, 642 
1940). 
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TaBLeE I. Reduced separation o/ro at which the modified Bucking. 
ham potential is zero, and values for the function G(a). 











a 1/x =0/ro G(a) 
10.0 0.8547 4895 0.1767 1798 
12.0 0.8761 0051 0.2025 1215 
14.0 0.8891 0396 0.2197 0790 
16.0 0.8986 0719 0.2322 3200 








1/x=0/ro given by Hirschfelder and Rice" for the range 
a= 12.0 to 15.0. These values, completed with those for 
a=10.0 and a=16.0, are listed in Table I. We have not 
taken values for a lower than 10.0 in the analysis, since 
in this range the modified Buckingham potential 
becomes unrealistic and all the experimental values for 
a lie above 12.0. For a h.c.p. lattice the expression for 
the zero-point energy is the same as Eqs. (6), (7), and 
(8) except that Cs is replaced by Hs. 


III. THE CRYSTAL ENERGIES AT ABSOLUTE ZERO 


The expression for the zero-point energy must be 
added to the potential energy of the crystals. As stated 
before, we assume that the assumption of additivity of 
intermolecular forces is valid. For a Lennard Jones 
(s,6) potential the potential energy per molecule is 


al'(2)-o-(2) 4] (9) 


for the f.c.c. lattice; C,, Cs are replaced by H, Hg in 
case of a h.c.p. structure. The nearest neighbor distance 
a is determined by adding Eqs. (3) and (9) and differen- 
tiating with respect to 7ro/a, i.e. 





U pot/€= 


To 
O(Opot+ U.,)/0 (~) =0 
a 


or 


6s To s—l To 5 
o-—| () c-(-) Ca]+F6) 
s—6 a a 
ro\ st ro\! 
a4] (6-1 6+2)(~) -Cs42—405 “) ra 
a a 
8 


02) "oura(2) 


This equation is solved numerically by trial and error. 
An equivalent expression holds for the h.c.p. lattice, 
with again C, replaced by H,, etc. The equilibrium value 
for ro/a is then substituted back into the sum of Eqs. 
(3) and (9) to give the total energy of the crystal at 
absolute zero. For the Buckingham potential the 


xX 





13 Hirschfelder, Curtiss, and Bird, Molecular Theory of Gases and 
Liquids (John Wiley and Sons, Inc., New York, 1954), p. 34. 
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TaBLE II. Crystal functions for the f.c.c. and h.c.p. lattices. 











f.c.c h.c.p. 

aR* 8 6-0’ 8 6-9’ 

8 1.024365 1.036574 1.024450 1.036677 
8.5 19022 28334 19096 28428 
9 14930 22086 14995 22173 
9.5 11773 17314 11829 17389 
10 9323 13640 9370 13703 
10.5 7409 10790 7448 10843 
11 5906 8567 5938 8612 
11.5 4721 6824 4747 6861 
12 3783 5451 3804 5481 
12.5 3037 4365 3054 4389 
13 2443 3503 2456 3522 
13.5 1968 2818 1978 2832 
14 1587 2267 1595 2280 
14.5 1281 1828 1288 1838 
15 1036 1476 1041 1483 
15.5 838 1103 842 1198 
16 678 965 681 969 
16.5 yn Hite 552 at 
17 445 632 boat 635 








expression for the potential energy per molecule is 


1 Cs 
——| 72860-# a | 
2(a—6) R* 


where 8 is a function of aR*, introduced by Corner,} 
and defined by 


U por /e= (11) 


> e%-ril ro) _ 120 ¢e%-F*) 


t 


where the summation extends over all the lattice sites 
of the crystal. Corner has tabulated values of 0 for the 
range aR*=10.5 to 16 for the f.c.c. crystal. His values 
have been supplemented with those for aR*=8, 8.5, 
9, 9.5, 10, and 17 for the cubic lattice. Further, values 
of 0 for the h.c.p. lattice have been determined in the 
range aR*=8, 8.5, . . ., 16.5. These values are listed in 
Table II. The equilibrium value of R* is again deter- 
mined from 0(Upo+U2z,)/d0R*=0; with Eqs. (6) and 
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(11) this gives 
Cs 
0=6——72(0—0’)e*"-®") +-G(a) 
R*? 


Cs 1 a @ 
a+] 40+ 24( +--— — 
R*® R= RK C7 


4 a 
a 1 Cs ; 
——— } 24ex-8*) — 5 — 
(; = = 


where 0’=00/0(aR*). Corner tabulated values of 
@—0’ for the f.c.c. lattice; his values have been 
supplemented and the calculation extended to include 
the hexagonal lattice. Values of 9—O’ are given in 
Table II. 


IV. RESULTS FOR THE LENNARD JONES (s,6) 
POTENTIAL 





exl-R*) 


(12) 





The analysis was carried out for a Lennard Jones 
(s,6) potential with the parameter s varying from 7 to 
16, and for values of the zero-point energy parameter 
A*=0, 0.1, 0.2, . . ., 0.7. From Eq. (10) the equilibrium 
value of ro/a is found for each set of parameter values 
s, A*. The potential energy is obtained by substituting 
ro/a into Eq. (9) while Eq. (3) gives the zero-point 
energy. It appears that the values for the relative dif- 
ference (Uh.c.p.— Ut.c.c.)*10°/|Ut.c.c.| are negative and 
of the same order of magnitude for any value of A* 
between 0 and 0.7. As an example, in the following table 
the numerical results are given for A*=0.3 and 0.7; 
those for A*=0 can be taken from the paper by Kihara 
and Koba.‘ A negative relative difference means that 
the h.c.p. lattice is more stable than the f.c.c. crystal. 
Note that the differences are only of the order of one 
ten-thousandth of the cohesive energy. 

The conclusion which can be drawn from the analysis 
and Table III is that for an additive Lennard Jones 
(s,6) potential and any plausible value of the parameter 


TABLE III. Potential, zero-point, and total energies of a f.c.c. and a h.c.p. lattice, for a Lennard Jones potential (s,6). 

















A* =0.3 relative 
difference 
5 Upot/e Uzp/e Ut.c.c./€ Upot/e Uzp/e Un.e.p./e ( 105) 
16 — 7.899357 1.150837 — 6.748520 — 7.900080 1.150818 — 6.749262 —11.0 
14 — 8.063533 1.067337 — 6.996196 — 8.064274 1.067319 — 6.996954 —10.9 
12 — 8.493963 1.112427 — 7.381536 — 8.494757 1.112415 — 7.382342 — 10.9 
10 —9.100284 1.096064 — 8.004220 — 9.101057 1.096060 — 8.004997 —9.7 
9 — 9.591565 1.094049 — 8.497516 — 9.592297 1.094052 — 8.498245 — 8.6 
8 — 10.32791 1.101872 — 9.226041 — 10.32856 1.101882 — 9.226681 —6.9 
; — 11.52693 1.129351 — 10.39758 — 11.52741 1.129369 — 10.39804 —44 
A* =0.7 
16 — 7.152369 1.643276 — 5.509093 — 7.153209 1.643473 — 5.509736 —11.7 
14 — 7.087318 1.394353 — 5.692965 — 7.088160 1.394506 — 5.693654 —12.1 
12 — 7.991562 1.891553 — 6.100009 — 7.992460 1.891722 — 6.100738 — 12.0 
10 — 8.698353 2.013700 — 6.684653 — 8.699060 2.013681 — 6.685379 —10.9 
9 — 9.234731 2.052129 — 7.182602 —9.235421 2.052125 — 7.183296 —9.7 
8 — 10.01250 2.128352 — 7.834150 — 10.01314 2.128365 — 7.884775 -—7.9 
/ — 11.24837 2.244176 — 9.004198 — 11.24888 2.244209 — 9.004669 —5.8 
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TABLE IV. Potential, zero-point, and total energies of a f.c.c. and a h.c.p. lattice, for a modified Buckingham potential (a,6). 











ate 
e A* Sale Usp/e Ures/e U pot/e Usp/e Panote (x105) 
16 0.299023 — 7.960695 1.133036 — 6.827660 —7.961577 1.133129 — 6.828448 —11.5 
0.647619 — 7.455090 1.765990 — 5.689101 — 7.455755 1.766198 — 5.689557 —8.0 

14 0.258588 — 8.248339 0.974111 — 7.274228 — 8.249283 0.974174 — 7.275108 —12.1 
0.651189 — 7.824520 1.849335 — 5.975186 — 7.825406 1.849469 — 5.975937 —12.6 

12 0.286972 — 8.653540 1.017860 — 7.635680 — 8.654535 1.017904 — 7.636632 —12.5 
0.719104 — 8.272319 2.007954 — 6.264365 — 8.273294 2.008035 — 6:265260 — 14.3 

10 0.308336 —9.539230 1.021824 — 8.517406 — 9.540053 1.021766 — 8.518287 —10.3 
0.742324 —9.290628 2.110625 — 7.180003 —9.291580 2.110627 — 7.180953 — 13.2 








s, the hexagonal lattice is more stable than the cubic 
lattice, including zero-point energy effects. 

It is seen also that the nonadditive third-order effect 
in the London forces** is of the same order of magnitude 
as the differences in the last column, this time in 
favor of the face-centered cubic lattice. 


V. RESULTS FOR THE MODIFIED BUCKINGHAM 
(a,6) POTENTIAL 


The numerical solution of Eq. (12) for R* is much 
more laborious than in the case of the Lennard Jones 
potential. Therefore we follow another way. Equation 
(12) and the corresponding equation for the h.c.p. 
lattice are solved for A*, with a and R* as parameters. 
For each a, values of R* are estimated such that the 
solutions of A* lie within the range 0, . . ., 0.7. The 
crystal functions 8 and 6—@’ can be interpolated 
accurately from the values given in Table II. The 
values for R* and A* are then substituted into Eqs. (11) 
and (6) to give the potential and zero-point energies 
of the f.c.c. and h.c.p. lattices. The differences in R* 
between the f.c.c. and h.c.p. structures belonging to the 
same a and A*, are not more than one unit in the fifth 
decimal place; these differences have been neglected in 
Table IV which gives the energies of the two crystals 
for a= 16, 14, 12, and 10, for A* in the neighborhood of 
0.3 and 0.7. The results for other values of A* are of the 
same order of magnitude and have the same sign. As 
was stated before we have not included values for a 
lower than 10 in the analysis, because for a<10 the 
modified Buckingham potential cannot be considered 
to be physically realistic. Also, the experimental values 
of a for the rare gases lie between 12 and 15, so that 
we are only interested in the stability conditions for 
a>10. The results show that for an additive modified 
Buckingham potential the h.c.p. lattice is again slightly 


more stable than a face-centered cubic structure. The 
difference in cohesive energy between the two crystal 
types is of the same order of magnitude with or without 
zero-point energy, and also of the same order as for 
an additive Lennard Jones (s,6) potential. 


VI. DISCUSSION OF THE RESULTS 


The results of this analysis confirm the conclusions 
reached by Kihara and Koba,* who neglected the 
influence of zero-point energy on the stability of the 
crystals, that for both an additive Lennard Jones (s,6) 
potential and a modified Buckingham potential (a,6), 
with a210, the h.c.p. lattice is slightly more stable 
than a f.c.c. structure for the heavy rare gases neon, 
argon, krypton, and xenon. Although the difference in 
energy between the two structures is only of the order 
of one ten-thousandth of the cohesive energy, the 
constancy of the difference over the wide range of 
values for the parameters s and a seems to indicate 
that an explanation for the crystal structures of the 
heavy rare gases cannot be obtained by a slight adjust- 
ment in the interaction potential between two atoms 
or molecules, but will probably lie in the effect of 
manybody forces, i.e. in a deviation from the assump- 
tion of additivity. As was mentioned before, the prefer- 
rence for the f.c.c. structure may then arise from 
differences in symmetry between the crystals (Prins"), 
or primarily from a difference in density (nonadditive 
contributions weaken in general the attractive forces 
and therefore they favor the cubic structure). 
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The infrared band intensities of formaldehyde have been measured in the gas phase using the pressure 
broadening method. From the results of the normal coordinate analysis and the experimental intensities, 
the bond moments and their derivatives have been calculated for the three symmetry species. The relative 
signs of du/dQ; and du/dQ¢ have been determined from the investigation of the Coriolis interaction between 
v; and vs. The results chosen from the calculations are: won =0.5D (C~—H?*), (u/dr)con=1.3X10-” esu, uco 
=1.9D(Ct—O-), (du/dr)co= —1.9X10- esu. The Bi symmetry block gave an abnormally large ucn of 


about 1D. 





INTRODUCTION 


HE success of the orbital valence force field 

method in calculating the vibrational frequencies 
of formaldehyde and of ethylene by Linnett, Heath, 
and Wheatley! suggests the importance of taking into 
account the distortion of the z orbital during molecular 
vibrations. The C—H moments of about 0.7D and 
0.6D calculated from the out-of-plane vibrational in- 
tensities in ethylene’ and in benzene,*‘ respectively, are 
larger than the value of about 0.4D obtained from 
other bending vibrations. These differences may well 
be attributed to the z orbital distortion effect in these 
out-of-plane bending motions of the C—H bonds. The 
purpose of this work is to calculate these bond moments 
and their derivatives in formaldehyde from the infrared 
intensities and to investigate the effect of the C—H 
bonds on the z orbital of the C—O bond during the 
out-of-plane bending vibrations. 


EXPERIMENTAL 


Following the method of Wilson and Wells,® the in- 
tensities of the vibrational bands of gaseous formalde- 
hyde were measured by pressure broadening the rota- 
tional fine structures with 400 psig of oil-pumped 
nitrogen gas. This pressure was read off a calibrated 
Hoke reduction valve while the partial pressures of 
the formaldehyde gas were measured with a closed 
mercury manometer. The monomeric formaldehyde 
was obtained from the pure liquid which was prepared 
by the decomposition of paraformaldehyde followed by 
repeated distillations. Since oxygen or water tends to 
accelerate polymerization of the monomer, the decom- 
Position and the distillations were both carried out 





* Based on a thesis submitted by I.C.H. in partial fulfilment of 
the requirements for the Ph.D. degree. 

t Present address: School of Chemistry, University of Minne- 
sota, Minneapolis, Minnesota. 
vom Heath, and Wheatley, Trans. Faraday Soc. 45, 832 

9). 

? Thorndike, Wells, and Wilson, J. Chem. Phys. 15, 157 (1947). 

~ ti R. * Cole and H. W. Thompson, Trans. Faraday Soc. 46, 
950). 

‘Bell, Thompson, and Vago, Proc. Roy. Soc. (London) A192, 
498 (1948). 
(1948) B. Wilson, Jr., and A. J. Wells, J. Chem. Phys. 14, 578 


under an atmosphere of nitrogen gas. Both the infrared 
and the mass spectral analyses indicated that the 
formaldehyde gas samples obtained in this manner were 
free of impurities. 

To prevent polymerization of the monomeric for- 
maldehyde, special high-pressure high-temperature ab- 
sorption cells were constructed, one with calcium 
fluoride windows and the other with potassium bromide 
windows. The cells were made of machined mild steel 
end-blocks, 3 by 3 by 1 inch, and a stainless steel center 
pipe of 2 inches diameter by 1} inches length. In the 
fluoride cell the windows were sealed into the end-blocks 
with baked glyptal, while in the bromide cell they were 
sealed on the window mountsasshown in Figs. land 2. To 
insure against collapsing of the windows when the cells 
were evacuated while hot, washers or spring-washer 
mechanisms were installed inside the cells. Teflon 
washers were used between the windows and the metal 
surfaces. The path lengths of the fluoride and the 
bromide cells were 43 and 22 mm, respectively. For 
heating, Nichrome wire tapes were wound around the 
cells with insulation provided by asbestos tapes. Tem- 
peratures of 80° or 100°C were maintained in the cell 
while the spectrum was taken for low or high pressures 
of formaldehyde, respectively. 
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Fic. 1. Calcium fluoride high-pressure cell, (A ) calcium fluoride 
window, (B) steel end-block, (C) stainless steel washer, (D) stain- 
less steel center pipe, (Z) valve outlet. 
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Fic. 2. Potassium bromide high-pressure cell, (A) potassium 
bromide window, (B) stainless steel window mount, (C) steel 
end-block, (D) stainless steel center pipe, (Z) valve outlet, (F) 
stainless steel window-mount nut, (G) spring-washer mechanism 


The mixing of the gases in the cell was tested by 
taking the spectrum of the same sample repeatedly 
and noting the changes in the absorption curves. When 
possible, mass spectral analyses were made of the 
samples after the runs as a further check of the initial 
and the final composition of the gas mixture in the 
absorption cell. Both of these tests indicated complete 
mixing of the gases and that the polymerization of the 
formaldehyde during the time required to take the 
spectrum was small. 

The infrared spectra were taken with a double-beam 
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Fic. 3. Experimental intensities of the three overlapping 
bands v1, v4, and 2v3. Closed circles represent pressures checked 
by mass spectral analyses, (400 psig total pressure, 80°C, path 
length 43 mm). 
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spectrograph similar to the one described by Hornig, 
Hyde, and Adcock® with a Perkin-Elmer Model 83 
monochromator and with a Leeds and Northrup 
““Speedomax G”’ recorder. The intensities of the v; and 
vg bands were measured with the same instrument con- 
verted into a double-pass spectrograph. The prisms 
used were either calcium fluoride or sodium chloride. 
The effective slit-widths were found to be about 4 cm™ 
or less near the centers of the absorption bands. To 
reduce interference from atmospheric absorption, the 
spectrograph housing was flushed out each time with 
nitrogen gas. 

Pressures up to about 8 cm Hg of formaldehyde were 
required for the spectra of the strong bands appearing 
in the C—H and C—O stretching regions. However, 
for the weaker bending vibrations higher pressures 
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Fic. 4. Experimental intensities of v2. Closed circles represent 
pressures checked by mass spectral analyses, (400 psig total 
pressure, 80°C, path length 43 mm). 


were necessary which made pressure measurements 
extremely difficult. 

In the case of the overlapping bands »v; and yg, since 
the cell was of 22 mm thickness pressures up to about 
an atmosphere of formaldehyde were used. The large 
scattering of the experimental points for this system 
of bands was caused by the uncertainties in the pres 
sures of the gas and by the presence of a weak absorp- 
tion due to glyptal. Since the diameter of the windows 
was less than the size of the light beam, a narrow ridge 
of glyptal around the outer edge of the windows caused 
an absorption of about 5 percent. However, since the 
bands were weak themselves, this shift in the 10 
percent transmission line caused considerable uncer- 
tainty. Mass spectral analyses of the gas samples 0 
this case were not successful due to insufficient sample 
volume. However, repeated runs with the same sample 


6 Hornig, Hyde, and Adcock, J. Opt. Soc. Am. 40, 497 (1950). 
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INFRARED INTENSITIES, 
indicated that polymerization during the time required 
to run the spectrum, which was about an hour, was not 
too great. Several intensities of the v3; band were also 
taken with this 22 mm cell using identical conditions 
as in the vs and vg measurements. These points were 
found to be lower than the previous set of measure- 
ments but still within the estimated experimental error. 
The percent transmission is read off a series of ab- 
sorption curves and these values are plotted on a log 
scale against frequencies. The areas under the curves 
are measured and plotted against the partial pressures of 
formaldehyde to give the Beer-Lambert curves shown 
in Figs. 3-6. From these curves the absolute intensities 
are obtained by taking the limiting slopes.? These 
values are listed in Table I in units of cps/cm at NTP. 
The estimated errors given in the same table are based 
on the extent of scattering of the experimental points 
and also include allowances for other possible errors. 


NORMAL COORDINATE ANALYSIS 


The configuration of the molecule and the coordinate 
system chosen are shown in Fig. 7. By using the follow- 
ing symmetry coordinates belonging to the C2, group 


TaBLE I. Experimental intensities in cps/em (NTP). 











Estimated 
Band Position Intensity error 
vi tvet+2p3 3.5u 17.:X10” 20% 
Ve Re | 7.8; 20 
V3 6.7 1.24 30 
vstve 8 1.32 50 








and the potential energy expression given below, the 
secular equation can be factored into three symmetry 
blocks of species A;, B,, and By of orders 3, 2, and 1, 
respectively. 


A, Species: $,=273(Ar,+Aro), 
Se= Ars, 
S3=6-}(Aay+Aa—2A¢), 

B, Species: S4=27?(Ar;—Ars), (1) 
S5=27?(Aa;— Aag), 

B, Species: Ss=Af, 


2V = ken (Arz?+ Are?) + kooArs?+ Ra(Aay?+ Aaz’) 
+k Ad?+ ksAB?-+2k,gArsAd. (2) 


From the observed vibrational frequencies of CH2O 
and CD,O reported by Nielsen and his co-workers,’~® 
the chemical atomic masses, and the molecular pa- 
rameters determined from the electronic diffraction 
work,!° 


rou =1.09A roo=1.213A HCH=120° 


7 J. R. Patty and H. H. Nielsen, Phys. Rev. 39, 957 (1932). 

®H. H. Nielsen, Phys. Rev. 46, 117 (1934). 

*E. S. Ebers and H. H. Nielsen, J. Chem. Phys. 6, 311 (1938). 

_° Stevenson, LuValle, and Schomaker, J. Am. Chem. Soc. 61, 
2508 (1939). 
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Fic. 5. Experimental intensities of v3. Closed circles represent 


pressures checked by mass spectral analyses, (400 psig total 
pressure, 100°C, path length 43 mm). 


the force constants have been calculated as shown below. 
kon =4.33X 10° dyne/em ka=0.826X10™ erg/rad? 
kco= 12.3 dyne/em k,=0.396 
kg=0.354 
k,g= —0.263X10-% erg/rad-cm. 


erg/rad? 
erg/rad? 


Using these constants, the vibrational frequencies for 
the CHDO molecule have also been calculated. These 
values together with the observed frequencies reported 
recently by Davidson, Stoicheff, and Bernstein" are 
listed in Table IT. 

The normal coordinates can be calculated in terms 
of the symmetry coordinates from the equation 


Q=L'S, (3) 


where the L~ matrix elements are obtained from the 
following matrix equations. The symbols have their 
usual significances. 














L'FG=AL’ (4) 
G=LI’. 
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Fic. 6. Experimental intensities of the two overlapping bands »; 
and v¢, (400 psig total pressure, 100°C, path length 22 mm). 


11 Davidson, Stoicheff, and Bernstein, J. Chem. Phys. 22, 289 
(1954). 
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Fic. 7. Molecular configuration and coordinate system. 


The results of these calculations are given below. 


Q,=0.124X 10-45, —0.0322X 10'S. 
+0.00258 X 10-?S5 ; 


Q2= 0.0325 X 10'S, +-0.263 X10-'S2 
— 0.0357 X 10-3; 


Q3=0.00749X 10-"'S,+0.232 XK 10-US2 (5) 
+0.0708X 10~S; ; 


Q4=0.121X 10-"S,—0.00477 X 10-55; 
Os=0.0246X 10-"'S,+0.119X 10-955 ; 
Qs=0.0849X 10-S.. 


CALCULATIONS OF BOND MOMENTS AND 
THEIR DERIVATIVES 


The intensity of the ith fundamental band can be 
related to the change of total dipole moment with re- 
spect to the normal coordinate by the equation? 


A ;= (Nx/3c) | Ou/9Q;|?, (6) 


where A, is the intensity in cps/cm, V the number of 
molecules per cc, c the velocity of light in cm/sec, and 
du/dQ; the derivative of the total dipole moment with 
respect to the normal coordinate Q;. The absolute 
values of the derivatives for the fundamental bands are 
given in Table ITI. 

Since v; and v4, as well as vs and 6, overlap with each 
other, fractions of the total band intensities varying 
from 30 to 70 percent were taken for the intensities of 


TABLE II. Calculated and observed frequencies in cm. 








CH:0 CD20 CHDO 
Cale. Obs. A% Cale. Obs. A% Cale. Obs. A% 





13 2130 2121 0.42 
77 1697 1723 —1.50 
10 1403 1400 0.22 


2779 2780 —0.04 2100 2056 2 

1775 1744 1.78 1636 1700 —3 

1491 1503 —0.80 1107 1106 0. 

2874 2874 0.00 2160 2160 ey 2829 2844 
0 


—0.53 

1273 1280 —0O.55 995 990 51 1038 1041 —0.29 

1176 1167 0.77 939 938 Al 1064 1074 —0.93 
Average deviation: 

0. 1.10 0.65 
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the individual bands. The high-dispersion spectra of 
the C—H stretching region given by Nielsen and his 
co-workers’:® indicate that »; and v4 have about the 
same intensities. Relative intensities for rotational lines 
of the two bands with the same original K value indi- 
cate that y; is slightly stronger than vg. The ratios of 
the peak heights of these bands in the liquid absorption 
spectra of formaldehyde confirm these intensity ratios, 
In Table III Av and A5,¢ represent the total intensities 
of the overlapping bands. 

The experimental du/0Q; can be related to the de- 
rivatives of the moments with respect to the symmetry 
coordinates S;, by the following equation 


du/IS.=X+(0Q,/ASx) (u/80,), (7) 


where the coefficients (00;/0S;,) are the elements of 
the L~ matrix calculated from the normal coordinate 
analysis. By assuming that the changes of the moments 
along the bonds are linear functions of the internal dis- 
placement coordinates, the du/d5S;, can then be expressed 
in terms of the derivatives of the bond moments with 
respect to the internal coordinates. For small displace- 
ments, if the internal coordinate is an angle, then the 
derivative reduces to the bond moment. These rela- 


TABLE III. Experimental values of du/0Q;, esu g™?. 





Op/9Q2=91.2 dp/dQ;=36.3 


On /905= 31.4 (A g™= 0.7A 546) 
20.6 (As=0.3A 546) 





Ou /dQ1= 73.9 (A,=0.3A T) 
113. (Ai=0.7A7r) 

du/8Q,=113  (Ag=0.7A7) 
73.9 (A4=0.3A 7) 

Op /dQ06= 20.6 (Ag=0.3A 546) 
31.4 (Ag=0.7A 546) 








tionships, given below, can be calculated from the 
geometry of the molecule and by requiring that there 
be no change in the angular momentum when the atoms 
are displaced.” 


A; Block: 0u/0S;= (2)—*(0u/dr)cu; 
On /OS2= (du/O8r)co; 
Ou /OS3= (9/8) 4ucn ; 
B, Block: 0u/0S4=1.22(du/dr)cu (8) 
—0.0510(ucu+uco) ; 
Ou /IS5= —0.560ucH+0.146uco0 ; 
Bz Block: du/0Sg=0.902ucH—0.0977uco. 


In these equations the positive direction of the z axis 
in Fig. 7 is chosen as the direction of the positive dipole 
moment. The positive moment is defined as a vector 
going from the positive charge to the negative. This 
sign convention will be followed throughout, unless the 
polarity is indicated otherwise. 

To solve for the moments and their derivatives ex- 
plicitly from the B; and Bz symmetry blocks, one re- 
quires an additional equation relating these unknowns. 


12 G. M. Barrow and D. C. McKean, Proc. Roy. Soc. (London) 
A213, 27 (1952). 
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In the present case, one might assume that the vector 
sum of the bond moments shall be equal to the molecular 
dipole moment. Thus one has 


Hout Uco= — 2.34, 


where the observed moment is taken from the results 
of the microwave work." An additional assumption 
made here is that the molecular dipole moment is in 
the direction from the carbon atom to the oxygen atom. 
This assumption seems reasonable in view of the electro- 
negativity differences between the atoms and the rela- 
tively low ionization potential of the first electron from 
the oxygen atom.'*!6 

The solutions of the equations belonging to the three 
symmetry species are given in Table IV. The values are 
listed according to the combinations of signs for the 
du/0Q0;. The bond moments are in Debye units and the 
derivatives in 10~” esu. 


THE CORIOLIS INTERACTION BETWEEN vy; AND v; 


The importance of the Coriolis interaction between 
the two perpendicular bands »; and vg has been shown 
by Ebers and Nielsen’ in explaining the anomolous 
spacing of the rotational lines in these vibrational 
bands. Since these rotational lines also exhibit strong 
intensity anomalies, it is possible to fit the theoretical 
relative intensity equations to the observed spectra and 
determine the relative signs of the du/dQ; for these 
vibrations. The theoretical line-intensity equations can 
be calculated by applying first-order perturbation 
theory to the Coriolis interaction. The perturbed 
vibration-rotation wave functions can be calculated in 
terms of the zero-order harmonic oscillator wave func- 
tions by the methods described by Nielsen,'*!’ by 
Wilson and Howard,!* or by Wilson.'!® From these 
perturbed wave functions, the elements of the dipole 
moment matrix can be calculated by using the direction- 
cosine matrices given by Cross, Hainer, and King.” The 
resulting equations for the rotational lines of the 
vibrational bands are given below for the case AJ=0 
and AK=+1. 


vs: |w|?=A(+)L1FyB(+) (v5/v6)* P 
ve: |w|?=A’(+)[1+7B(+) (v6/r5)*].? 


The terms on the left-hand side of these equations are 
the squares of the dipole moment matrix elements for 
the fundamental vibrational transitions. The terms 
A(+), A’(+) and B(-+) are constants involving the 
rotational quantum numbers and the zero-order vibra- 
tional frequencies. The coefficient y is positive or 


(9) 





13 J. N. Shoolery and A. H. Sharbaugh, Phys. Rev. 82, 95 (1951). 

4 A.D. Walsh, Trans. Faraday Soc. 42, 56 (1946). 

*W. C. Price, J. Chem. Phys. 3, 256 (1935). 

‘6H. H. Nielsen, J. Chem. Phys. 5, 818 (1937). 

’H. H. Nielsen, Bull. Roy. Soc. Sci. Liége 20, 439 (1951). 
(1936) B. Wilson, Jr., and J. B. Howard, J. Chem. Phys. 4, 260 
” E. B. Wilson, Jr., J. Chem. Phys. 4, 313 (1936). 

*® Cross, Hainer, and King, J. Chem. Phys. 12, 210 (1944). 
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TABLE IV. Calculated bond moments (Debye) and 
their derivatives (X10 esu). 








(a) Ai Symmetry block 

















0/001 Op/8Q2 Ou/8Os (du/dr)cH (dn/Ar)co pc Ai 
+ + + +0.915 +1.80 +0.568 0.3Ar 
+1.60 1.92 +0.578 0.7Ar 
+ = + +1.68 +1.32 +0.532 0.3Ar 
+2.36 +1.20 0.523 0.7Ar 
& ¥- + +0.838 3.48 +0.0826 0.3Ar 
+1.52 3.61 +0.0921 0.7Ar 
+ +- - 1.75 + 3.01 +0.0466 0.3ATr 
2.44 + 2.88 +0.0372 0.7Ar 
(b) Bi Symmetry block 
Ag Ou/9Q04 du/dQ0s (0u/dr)cu —yuCH 
As =0.7A546 0.3A546 0.7As46 0.3A546 
0.7Ar + - 0.955 0.976 —0.123 0.062 
- + —1.15 —1.17 1.10 0.910 
+ + 1.08 1.06 0.941 0.758 
- - —1,.28 —1.25 0.031 0.214 
0.3AT + - 0.571 0.592 —0.095 0.088 
- + —0.765 —0.786 1.07 0.844 
+ + 0.697 0.675 0.968 0.784 
- - —0.891 —0.869 0.004 0.188 
(c) Bz Symmetry block 
6u/806 —CO ucH 
Ae =0.3A 646 0.7A 546 0.3A 546 0.7A 54+6 
+ 2.29 2.38 —0.055 0.037 
- 1.94 1.84 —0.405 —0.497 





negative depending on whether the du/0Q,; for vs and 
ve have the same signs or opposite signs. The sets of 
signs appearing in the equations represent the case 
AK=-+1 for the upper set and AK= —1 for the lower. 

From the rotational structures of these vibrational 
bands (see reference 9), one observes that in vs the 
AK=-+1 lines are more intense than the AK = —1 lines. 
The reverse intensity distribution is noted for vs. To 
fit the theoretical equations to this intensity distribu- 
tion one must take y as —1. Thus one can conclude 
from this calculation that the du/dQ; for the two bands 
should have opposite signs from each other. 


DISCUSSION 


The values of the C—H bond moment calculated 
from the A; symmetry block fall into two groups; in 
one case the moment is about 0.5D while in the other 
it is less than about 0.1D. If one is to choose the first 
case since the magnitude of ucn seems reasonable, then 
one notes that (du/dr)co is small compared to the 
value of about 6X 10-” esu obtained for the C—O bond 
in CO, and COS.”!:2 However, in view of the fact that 
the carbonyl band intensity in formaldehyde is smaller 
by a factor of about three than the corresponding 
bands in acetone and other simple carbonyls,” this 
small value of the derivative may not be unreasonable. 
Of the two possible choices in (0u/0r)cn one is inclined 
to choose the case corresponding to the du/dQ; sign 
combination of (+-F-+) since the magnitude is closer 
to those obtained from other molecules containing the 
C—H bond. 

In the Bz symmetry block, one chooses the case of 
Ou/dQ¢ negative since the magnitude of yor is again 

21 A. M. Thorndike, J. Chem. Phys. 15, 868 (1947). 


2 TD. Z. Robinson, J. Chem. Phys. 19, 881 (1951). 
%S. A. Francis, J. Chem. Phys. 19, 942 (1951). 
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reasonable. From this choice one obtains the C-—Ht 
polarity since the sign of the moment is negative. For 
the moment to be of the same magnitude and of oppo- 
site polarity, the intensity of vs must be greater than 
about four times the total intensity of the overlapping 
bands. For the present choice, the carbonyl bond 
moment becomes about 1.9D with the polarity of 
Ct—O-. 

Since du/dQ¢ has been chosen as negative, one must 
take du/0Q; in the B, block as positive to satisfy the 
conclusion obtained from the Coriolis calculation. If 
this choice is made, one notes that wou is about 1D 
which seems abnormally large. However, the polarity 
of the C—H moment is still in agreement with the 
results of the B, symmetry block. The (du/0r)cu values 
for this symmetry block are reasonable with either 
positive or negative signs. Of these possibilities one must 
choose the case corresponding to du/dQ; sign combina- 
tion of (—+) to get agreement with the choice made 
in the A, and the B, symmetry blocks. From the above 
choices of sign combinations for du/0Q;, one obtains a 
consistent set of bond moments and derivatives, even 
if there are discrepancies in their magnitudes. The 
final results are given below. 


vou =0.5D(C-—H*) uco=1.9D(Ct—O-) 
(Ou/0r)cu= 1.3 10- esu (du/0r)co= —1.9X10-" esu. 


The polarity obtained for the C—H bond moment is 
in agreement with the results of Thompson and his 
co-workers.*4 It is also interesting to note that the 
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anomaly in the magnitude of yucx occurs in the in-plane 
bending motions contrary to the case of ethylene where 
the out-of-plane value is the largest. One can probably 
interpret this result to indicate that there exist strong 
interactions between the bonds during the in-plane 
motions of the atoms. The necessity of including an 
interaction constant between the C—O stretching and 
the HCH angle bending in the potential energy ex- 
pression support this argument. The large ucu obtained 
in the B; symmetry block may well be due to this type 
of interaction since the oxygen atom has one of its p 
orbitals lying in the plane of the molecule. However, in 
view of the approximations made in the calculations 
and the experimental uncertainties involved, one can 
only conclude the existence and not the extent of these 
bond interactions during the vibrations of the atoms, 
From the magnitude of the C—H bond moment ob- 
tained from the out-of-plane bending vibration, one 
can further conclude that the interaction between the 
C—H bond and the = orbital of the carbonyl bond is 
not as great as in the case of ethylene or of benzene. 
However, it is clearly demonstrated that these bond 
interactions must be taken into account in interpreting 
the bond moments calculated from the infrared in- 
tensity measurements. 
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Convenient methods of analyzing dielectric dispersion and loss data satisfying the Debye equations are 
described and illustrated. The similarities and differences of the Fuoss-Kirkwood and circular arc representa- 
tions of symmetrical, non-Debye-type dispersions are considered. Interpretations given by various writers 
to the asymmetric dispersion found by D. W. Davidson and the writer for glycols are discussed. Finally, 
the possibilities and limitations of reduced representations of dielectric measurements are examined 





I, INTRODUCTION 


HE purpose of this paper is to discuss methods of 
analyzing dielectric dispersion data and questions 

of interpretation of such measurements. We shall be 
concerned with the frequency and temperature de- 
pendence of dielectric behavior in alternating electric 
fields. The relaxation effects arising from failure of the 
polarization to reach equilibrium with the applied field 
are conveniently described by the complex dielectric 
constant ¢€*(w) =e’ (w)—ie’’(w), where e’ represents the 
polarization in phase with the assumed sinusoidal field 
of frequency f=w/2m, and e” is the component with 
phase difference of 7/2 which represents the energy 
absorption (dielectric loss). The variation of these 
quantities with frequency is of the general form shown 
in Fig. 1; a logarithmic scale of frequency gives a com- 
pact and symmetrical representation of the significant 
range of variation of ¢’ and e’”’. The effect of temperature 
is quite generally to change the range of dispersion to 
lower frequencies at lower temperatures, and the limit- 
ing dielectric constants €) and ¢, realized at very low 
and high frequencies are also temperature dependent. 

The projection of the curve €*(w) on the ¢’ log f plane 
as indicated in Fig. 1 is the familiar sigmoid dispersion 
curve; the projection on the e” log f plane is the bell- 
shaped absorption curve. An alternative representation 
is the projection on the e’’—’ plane discussed by K. S. 
Cole and the writer.' 

In Fig. 1 as it is drawn, this projection is the semi- 
circle predicted for simple relaxation processes. In other 
cases, relaxation data do not conform to this locus 
but may often be fitted quite accurately by a circular 
arc or an asymmetric curve of simple functional form. 


II. SIMPLE RELAXATION THEORY 


It is a common characteristic of dielectric and other 
relaxation theories based on simple molecular or macro- 
scopic models that they predict a time rate of change of 
polarization, or other response, which is proportional 
to the difference of the polarization from its equilibrium 
value. In such cases the complex dielectric constant is 





*Much of this paper was made possible by support of the 
Office of Naval Research and Office of Ordnance Research. 
'K. S. Cole and R. H. Cole, J. Chem. Phys. 9, 341 (1941). 
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expressed by an equation of the form 
e*=e€,+ (€o— €x)/(1+twr9). (1) 


In this equation, the relaxation time 7» is related to the 
kinetics of the relaxation process of the particular model 
and is analogous to the reciprocal of a rate constant in 
first-order chemical kinetics. 

An equation of the form (1) was obtained by Debye? 
from his model for polar liquids of spherical polar 
molecules reaching equilibrium subject to Brownian 
diffusion and viscous damping, and the result (1) is 
often referred to as the Debye equation. This descrip- 
tion is appropriate and convenient, but it is important 
to recognize that equations of the same form result for 
models of such diverse systems and phenomena as two- 
phase suspensions of dielectrics, paramagnetic relaxa- 
tion, viscoelastic polymers, and various other physical 
and biological relaxation effects. Thus, conformance of 
observed frequency dependence to Eq. (1) is by no 
means confirmation of a particular model leading to 
this result. 

Because the relaxation in some liquids and solids of 
relatively simple molecular constitution does have this 
predicted form, adequate means of testing its validity 
and of determining the parameters €o, €., and 7» if it is 
valid are two problems of importance. 

The obvious and direct means of testing (1) is to 
compare experimental values of ¢’ and e’’ as functions 
of frequency with the functions required by Eq. (1): 


€' (w) = €o+ (€o— €)/L1+ (wro)"], 
é’’ (w) = (€9— €x )wT0/[ 1+ (wr)? ]. (2) 


Direct tests of these equations can be made by curve 
fitting with proper choice of the three adjustable param- 








f, LNF 


Fic. 1. The curve e*(w) in e’— ¢’ —logw space. 


2P,. Debye, Polar Molecules (Dover Publications, Inc., New 
York, 1929). 
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Fic. 2. Plots of ¢ versus we’ and ¢’/w. Left, n-butyl alcohol at 
197.2°K; right, n-butyl alcohol at 167.5°K. 


eters €9, €., and 79, but there is considerable trial and 
error if €) and e, are not known from measurements 
over a considerable frequency range. Variants of this 
procedure involve, for example, plotting ¢’’/(e’—e.), 
which should equal wr» from (2), against frequency, 
but ¢«. must be known or trial values assumed. Two 
alternative procedures which avoid use of trial values 
of any of the parameters are very useful in practice, as 
described below. 

The first is to employ the complex plane locus of ¢’’ 
versus ¢’, which, if Eqs. (1) and (2) are valid, is the 
semicircle of Fig. 1 with center on the real axis and 
intercepts on this axis at €) and €,, as indicated. This 
representation, often referred to as the Cole-Cole plot, 
is useful whether or not the actual data conform to such 
a semicircle, and if they do the determination of the 
best semicircle can be quite precisely made. The inter- 
cepts of a satisfactory fit give €) and ¢, directly, but 
the value of 79 is not accurately determined from the 
plot, although it can often be estimated with fair 
accuracy from the interpolated frequency of the mid- 
point of the semicircle. 

Alternative graphical or analytical methods, which 
have been found extremely useful and convenient in this 
laboratory, can be based on the real and imaginary parts 
of Eq. (1) obtained after multiplication by (1++-iw7»). 
These are 


= €9— To(we’’), (3) 
€’ = €n+ (1/70) (€’/w). (4) 


The advantage of the equations is that they are linear 
relations in the measured quantities e’, we’, and €’’/w, 
and from them, if they are satisfied, the parameters 
€0, €0, To can be derived as intercepts and slopes without 
using assumed values. 

Two examples of the use of Eqs. (3) and (4) are shown 
in Figs. 2 and 3. In Fig. 2, measurements for n-butyl 
alcohol made by Dr. Walter Dannhauser in this 
Laboratory are plotted. For the plot on the left of data 
at —76°C, excellent straight line fits are obtained over 
most of the frequency range of the measurements 
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(15 cps to 3 Mc/sec), and the slopes of these straight 
lines for the two plots give a relaxation time to>=1.37 
X 1077 sec. 

The data at —106°C, plotted at the right in Fig. 2, 
show significant deviations from linearity at frequencies 
above 100 kc/sec. These result from a second dispersion 
of the form first reported for n-propyl alcohol, and 
since found in measurements of several other alcohols, 
Extrapolation of the straight line of é’ versus €’/w gives 
in these cases values of the high-frequency limit e,, for 
the lower-frequency dispersion. Knowledge of this value, 
together with 79, permits detailed analysis of the further 
dispersion, especially at lower temperatures for which 
the measurements give more complete information. 

The data plotted in Fig. 3 are results of Hasted and 
El Sabeh* from microwave measurements of water at 
0°, 10°, 20°, and 30°C and vacuum wavelengths of 1.27, 
3.3, and 9.2 cm. For convenience, the analogs of Eqs. 
(2) in terms of wavelength \ have been used. In terms 
of the critical wavelength \,=2mcro, these are ¢’=@ 
—d.(e’/A) = €n + (Ae”’)/A.. The measured values are 
satisfactorily fitted by straight lines with consistent 
values of \, from the slopes. The intercepts of the high- 
frequency plots are not determinable with high ac- 
curacy because of the long extrapolation. It is signi- 
ficant, however, that the values of €,, are of order 3.5-5.5 
and so considerably larger than values of order 2.2-3.0 
from visible and infrared measurements. The analysis 
thus points quite directly to the existence of significant 
further dispersion in water in the far infrared or milli- 
meter wave region, which Hasted and co-workers® have 
discussed. 

These two examples are typical of the utility of 
Eqs. (2) and (3) for analysis of simple Debye disper- 
sions. There are a number of advantages from their 
use which these examples may not make apparent. 
For example, Eq. (2) is particularly useful if the directly 
measured quantities are equivalent parallel capacitance 
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Fic. 3. Plots of e versus €’’/d (left) and Xe” (right) for water at 0°, 
10°, 20°, 30°C from data of Hasted and El Sabeh. 














3D. W. Davidson and R. H. Cole, J. Chem. Phys. 20, 1389 
(1952). 

4 J. B. Hasted and S. H. M. El Sabeh, Trans. Faraday Soc. 49, 
1003 (1953). 

5 Haggis, Hasted, and Buchanan, J. Chem. Phys. 20, 1452 
(1952). 
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ANALYSIS OF DIELECTRIC RELAXATION MEASUREMENTS 


C’(w) and conductance G(w), as a plot of C’ versus G 
is a straight line of slope —7o. This is because C’ and 
G for a dielectric with simple relaxation are proportional 
to e and we’, the determination of a time from the 
measurements without explicit use of frequency or 
time resulting from the ratio of consistent units of C 
and G having dimensions of time. It may be noted also 
that the same value of 79 will be obtained if stray 
parallel capacitance and conductance are present, 
provided that these are frequency independent. A 
second advantage is that systematic errors become 
evident which may be concealed or obscured in trial 
and error fitting of Eq. (1) to data, and the use of 
Eqs. (2) and (3) has on several occasions made implica- 
tions or errors of experimental measurements apparent. 


III. SYMMETRICAL DISPERSIONS 


It is well known that the dispersion in many dielec- 
trics deviates from the prediction of Eq. (1) in such 
a way that the symmetrical dependence on logarithmic 
frequency is preserved, but with the differences that the 
frequency range of dispersion is greater and the absorp- 
tion curve is broader and lower. A number of empirical 
or semiempirical expressions have been proposed to 
describe experimental results of this kind. The ones 
which have been most often used are the Wagner- 
Yager® derivations of the consequences of an assumed 
logarithmic Gaussian distribution of relaxation times, 
the Fuoss-Kirkwood expression’ for dielectric loss 
which is an approximation to their theoretical result 
for diffusion of polar polymer molecules in a nonpolar 
solvent, and the empirical circular arc function ori- 
ginally proposed by K. S. Cole® for electrical impedance 
of membranes in biological systems and later found by 
him and the writer! to represent a variety of dielectric 
data within their limitations of frequency range and 
internal consistency. 

The similarities and differences of these functions in 
relation to available experimental data have been dis- 
cussed by Kauzmann.® His conclusion that for many 
data the Wagner-Yager distribution leads to a disper- 
sion function with too abrupt a frequency dependence 
in the limit of very low and high frequencies to describe 
a variety of data, is in agreement with a previous 
analysis' and is consistent with more recent results of 
which the writer is aware. 

The other two dispersion expressions are more satis- 
factory and less obviously different in their functional 
form. Fuoss and Kirkwood originally gave an empirical 
expression for e’”’ only; this expression is 


2=Inw/wy, (5) 


where €,¢’ is the absorption maximum at the radian 


é’ = €y'’/cosha’z, 





®*K. W. Wagner, Ann. Physik 40, 817 (1913); W. A. Yager, 
Physics 7, 434 (1936). 
yon Fuoss and J. G. Kirkwood, J. Am. Chem. Soc. 63, 385 
*K. S. Cole, J. Gen. Physiol. 12, 29 (1928). 
*W. Kauzmann, Revs. Modern Phys. 14, 12 (1942). 
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frequency wy and a’ is an adjustable parameter varying 
from the value 1 for a Debye dispersion (for which 
ey’ = (€0>— €~)/2) to 0 for an infinitely broad dispersion. 
By solving the Kronig-Kramers” integral relations 
between the conjugate quantities e’ and e’’, Macdonald" 
has more recently obtained analytical expressions for 
e’. These could be obtained only for particular values 
of a’ permitting evaluation of the integral involved, 
but with their aid tables or graphs for interpolation of 
é’ versus z and a’ can be constructed. 
The arc dispersion function! has the form 


e* = €y + (€0— €n)/[1+ (tw70)'-], (6) 


where the exponent 1—a to which the operator iw7» is 
raised is an empirical parameter. The real and im- 
aginary parts have the relatively simple analytical 
forms 

r sinh(1—a)z 


1 iis 
anil )} ee ” 





é—¢€,= 





(8) 


e’’ =3(€9— €.) 





r cossar 
. ’ 
_cosh(1—a)z+sintar 


where 2=1n(w/was). 

The differences between the Kirkwood-Fuoss and arc 
functions are not great for the values of a’ and a of the 
order 1.0 to 0.5 and 0 to 0.5 required to fit many experi- 
mental data. The similarity of the results for ¢’ has 
been pointed out by Béttcher” in quoting a result of 
Poley. As they showed, Eqs. (6) and (8), when expanded 
in powers of z about z=0, i.e., around the central fre- 
quency w=wy, agree to the second power in z if one 
takes a’=cossamr/(1+sin3ar) and normalizes both 
functions to the same value of €,’’. On the other hand, 
Macdonald points out that for wXwy or w>wy the 
Kirkwood-Fuoss result predicts a complex locus of 

’’ ys e’ which approaches the ¢’ axis at a smaller angle 
and more nearly as a straight line than the circular arc 
with depressed center predicted by Eq. (6). Neither 
of these discussions makes very clear the magnitude 
of the difference, and it is therefore appropriate to make 
a more specific illustration and comparison with appro- 
priate experimental data. 

The data which have been examined from this point 
of view were obtained by Brown" in this Laboratory 
on solid hydrogen bromide below 89°K; these results 
for a considerable frequency range under very steady 
thermal conditions showed good internal consistency 
and reproducibility. The measurements were repre- 
sented by Eq. (6) after a circular arc was found to be 
a good fit to the plot of e” vs e’. A comparison of the 


1 R. deL. Kronig, J. Opt. Soc. Am. 12, 547 (1926); H. A. 
Kramers, Atti congr. fisici, Como, 545 (1927). 
11 J. R. Macdonald, J. Chem. Phys. 20, 1107 (1952). 
2C. J. F. Boéttcher, Theory of Dielectric . (Elsevier 
Publishing Company, Amsterdam, 1952), p. 
8 N, L. Brown and R. H. Cole, J. Chem. ox 21, 1920 (1953). 
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TABLE I. Observed and calculated dispersion and loss of solid 
hydrogen bromide at 73.1°K. (Calculated values from Eqs. (7) 
and (8) with ¢e9=36.35, €.=4.35, w4/2r=290 cps, a=0.322.) 











Ed é al 
(ke/sec) obs calc obs calc 
0.02 33.5 33.0 3.48 3.82 
0.05 30.5 30.1 6.18 6.30 
0.1 27.5 27.5 8.21 7.95 
0.2 23.0 23.1 9.25 9.21 
0.5 16.4 16.4 8.92 8.99 
1.0 12.3 1 7.60 7.53 
2 9.38 9.25 5.82 5.65 
5 6.94 6.85 S43 3.49 
10 5.98 5.85 2.46 232 
20 5.24 §.25 1.55 1.50 
50 4.83 4.90 0.80 0.82 
70 4.70 4.74 0.63 0.67 








observed values at 73.1°K with values calculated from 
parameters of the arc function is given in Table I. The 
differences are within the combined errors of tempera- 
ture drift and calibrations of frequency and other 
electrical quantities. 

From the Kirkwood-Fuoss expression (5), one has 


cosh (en’’/e’’) =a’ In (w/war) A (9) 


Hence the plot of cosh(€y;’"/e’’) versus Inw should be a 
straight line of slope a’, while from Eq. (8) one has the 
relation 

ev’ cosh(1—a)z+sinjar 


= (10) 
a. 1+sinsaz 








From this relation, the slope of cosh™(ey7’’/e’’) vs Inw 
is (1—a)/[1+sinsaz |} near w=wy, while the asym- 
ptotic slope for large values of Inw/wy is 1—a. The 
comparison of Eqs. (9) and (10) with the data of Table I 
is shown in Fig. 4. The experimental values are more 
consistent with the curve from Eq. (10), but it is ap- 
parent that the differences are fairly small and are 
distinguishable only by measurements over a wide fre- 
quency range. At the present, there is no firm theoretical 
basis for preferring one dispersion function over the 
other in general. The example, for a solid near an ordeér- 
disorder transition, has no immediate relation to Fuoss 
and Kirkwood’s model of a dilute polymer solution 
which led to their use of Eq. (9) as a semiempirical 
function. 

Macdonald, Eq. (1), has pointed out that the linear 
relation (9) between cosh™!(¢€)’’/e’”) and Inw provides 
a convenient method of determining the central fre- 
quency wy of the dispersion, since €y’’ is readily deter- 
minable. From Fig. 4 it is evident that this plot is, for 
data at frequencies not too far from wy, suitable in 
determining the value of wy for either functional de- 
pendence. (Other methods can also be used ; one of these 
is discussed in reference 1.) In conjunction with the 
complex plane locus, one can then evaluate all the 
parameters of either empirical expression, by extrapola- 
tion if necessary. If there is no valid experimental dis- 
tinction between the two functions for representing the 
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data, then in the absence of independent grounds for 
choosing one of the other the more convenient one is 
preferable. The arc function has the advantage of rela- 
tive simplicity graphically and in the analytical forms 


(6), (7), (8). 
IV. ASYMMETRICAL DISPERSIONS 


Data for a considerable variety of dielectrics are, over 
the range of available measurements, consistent with 
the logarithmically symmetrical dispersion and absorp- 
tion dependences on frequency discussed in Sec. III. 
Recently, however, cases of asymmetrical frequency de- 
pendence have been found in dielectric and other relaxa- 
tion processes. One form of departure investigated by 
Davidson and the writer" is in the dielectric behavior 
of glycerol and other liquid glycols with more than one 
hydroxyl group in the molecule. These results have been 
quoted and discussed by several other workers from 
various points of view, and with differing conclusions in 
regard to the original representation and its significance. 
Because of this, it is appropriate to consider in more 
detail the nature of the observed dispersion, its ana- 
lytical description and the conclusions to be drawn. 

The complex plane loci for the dispersion in glycerol 


‘at temperatures from —40°C to —75°C were found to 


be asymmetrical of the form shown by the solid line 
in Fig. 5. It was found that these data could be repre- 
sented analytically to within the probable accuracy of 
the data by a function of the form 


e* = €,+ (eo-—€,,.)/(1+iwro), (11) 


where is an empirical parameter in the range 0 <6 <1, 
and here the other quantities have their previous signifi- 
cance. The accuracy of this representation is illustrated 
in Table II, where experimental values of ¢’ and e’’ are 
compared with those calculated using the parameters 
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Fic. 4. Variation of dielectric loss with frequency for solid 
hydrogen bromide at 73°K. Circles are experimental values, the 
solid curve is calculated from the circular arc function by Eq. (10) 
with parameters listed in Table I, the dashed straight line corre- 
sponds to the Kirkwood-Fuoss expression [Eq. (9) ]. 


( 4D, W. Davidson and R. H. Cole, J. Chem. Phys. 19, 1484 
1951). 
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ANALYSIS OF DIELECTRIC RELAXATION MEASUREMENTS 


€0, €0, To, and B determined from the arc locus and the 
dependence" of ¢”/(e’—e,) on w. Except at frequencies 
above 100 kc(w>80w,,) the agreement is within experi- 
mental error. 

The deviations from Eq. (11) first become evident 
for frequencies much above the principal part of the 
dispersion range which the equation describes, and are 
in the sense expected of a second distinct dispersion; 
namely, the values of ¢’ are smaller and of e’’ larger. In 
the original paper, therefore, the observed relaxation 
in glycerol and propylene glycol was described as the 
sum of two processes; the first satisfying Eq. (11) and 
the second making a much smaller contribution at 
much higher frequencies. 

Other interpretations as to the significance of the 
observed behavior have been proposed. Béttcher'® sug- 
gested that the broader dispersion for frequencies 
w>wy than for a simple relaxation process was better 
to be explained wholly in terms of a different process or 
processes. Poley'® has proposed more explicitly that 
the experimental data for glycerol be represented by a 
Debye function of long relaxation time, plus a second 
symmetrical dispersion function (such as the empirical 
arc function), plus a further function for the behavior 
at the highest frequencies. Magat and co-workers!’ 
have cited the behavior in glycerol as analogous to the 
distinct secondary high-frequency dispersions found in 
a number of aliphatic alcohols." 

In a critical consideration of these various conjec- 
tures, it is important to keep in mind the fact that Eq. 
(11) as it stands first fails to represent the experimental 
results at frequencies much greater than 1/70, and gives 
an excellent fit over most of the dispersion range, as 
shown by the comparison in Table IT. Poley’s'* proposal 
that the dispersion should instead be represented as 
the sum of a simple Debye dispersion as in Eq. (1), using 
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Fic. 5. Reduced complex dielectric constant locus for glycerol. 
Filled circles from data of Morgan, open circles from data of 
Mizushima, solid curve calculated from reduced form of Eq. (11) 
with B=0.6. 

© Reference 12, p. 374. 

16 J. P. Poley, Physica 19, 300 (1953). 

’M. Magat, in discussion of paper by R. Feldtheller, Kolloid 
Z. 134, 46 (1953). 

8 For higher alcohols, see Bruma, Dalbert, Reinisch, and Magat, 
Compt. rend. 373-378 (1952). (paper in symposium volume 
“Changements de Phases’’). For n-propyl alcohol, see reference 3, 
for ethyl alcohol, see F. X. Hassion and R. H. Cole, Nature 172, 
212 (1953). Similar unpublished results have been obtained in 
this Laboratory for methyl alcohol by D. J. Denney, and for 
n-butyl and isobutyl alcohols by W. Dannhauser. 
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TABLE II. Observed and calculated dispersion and loss of 
glycerol at —50°C. (Calculated values from Eq. (11) with 
€0= 64.1, €2=4.10, wy/2r= 1.26 kc/sec, B=0.603.) 








, ” 





f € € 
(kc/sec) obs calc obs calc 
0.1 63.9 63.9 2.82 2.69 
0.2 63.4 63.4 S41 5.70 
0.5 59.5 60.1 13.3 13.0 
1 50.8 51.6 20.1 20.4 
2 37.6 37.8 23.1 23.5 
. 22.0 22.0 18.5 18.5 
10 15.2 15.1 13.3 13.1 
20 10.8 a | 8.97 8.95 
50 7.84 7.70 5.15 5.27 
100 6.68 6.68 3.37 3.48 
200 5.83 5.78 2.26 2.28 








€o= 64, €.£18, wy/2r=1.7 kc/sec, and a second sym- 
metrical dispersion does not lead to a satisfactory fit of 
the data. This can be shown from calculation of the 
residual dispersion and loss by subtracting the values 
for the proposed principal dispersion from the observed 
total dispersion and loss. The residual values are plotted 
in Fig. 6, and the curious locus which results evidently 
does not correspond to a further symmetrical dispersion 
as proposed by Poley. His further objection to Eq. (11) 
as a description of the principal dispersion behavior on 
the grounds that it does not have the symmetry with 
frequency so often found in dielectric relaxation seems 
to have no fundamental basis, and the experimental 
fact is that the observed variations of dielectric constant 
and loss of polyhydric alcohols are asymmetrical. 

Another approach to the question of suitable repre- 
sentation is in a consideration of the nature of an as- 
sumed distribution of relaxation times which will de- 
scribe the data. Poley has cited the asymmetrical form 
of the distribution corresponding to the dispersion equa- 
tion (11) as evidence against this equation. Here the 
question is really one of how well Eq. (11) fits the data, 
because the necessary distribution function is deter- 
mined by the data and hence by the adequacy of an 
analytical description of the experimental results from 
which the function can be determined analytically. 
This is because the distribution function F'(7) of relaxa- 
tion times in the logarithmic intervals dlInr is ex- 
pressed by assumption as 


» F(z)a(l 
Pag lgengs f ee 
_. I1twr 


To the extent that an analytical expression for e* fits 
the data, the resultant F(7/70) describes the form of the 
distribution which must be assumed. Inversion of Eq. 
(12) by use of Stieltje transforms and Eq. (11) for é€ 
leads to the expression“ 


sinBrf/ +r \8 
wre. Sm ip 
T va =: 


=0, T> T0- 


(12) 
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Fic. 6. Residual dielectric constant locus for glycerol at —50°C 
after subtraction of Debye-type dispersion as proposed by Poley. 


Although Eq. (12) is an integral expression for ¢* 
and hence not overly sensitive to details of a spectrum 
for F(r), various trial calculations for other forms of 
F(r) than (13) have not given satisfactory agreement 
with measured values of e* unless continuous distribu- 
tions for r< 70 similar to that of Eq. (14) are assumed. 

The comparison by Magat!’ of the behavior of 
glycerol to that of monohydric alcohols at high fre- 
quencies is not in our opinion a proper analogy. The 
difference is that, for glycerol and other polyhydric 
alcohols so far studied (propylene glycol’ and tri- 
methylene glycol"), the deviations from simple Debye 
behavior set in continuously for w greater than 1/75, 
while for most monohydric alcohols departures occur 
only for w distinctly larger than 1/7) and are more 
analogous to the higher-frequency “‘tail” of the glycerol 
data. The definite distinction seems clearly associated 
with the presence of two or more hydroxy] groups on the 
carbon skeleton. 


V. REDUCED REPRESENTATIONS OF DIELECTRIC 
DATA 


An accurate test of the dispersion equations so far 
discussed requires experimental data over at least two 
decades of frequency at any temperature. A study of 
their significance is facilitated enormously if the 
temperature dependences of the various parameters can 
be determined over a wide range. Because of the ex- 
ponential dependence of relaxation rates on inverse 
temperature characteristic of rate processes, such 
studies require a considerably wider range of frequencies. 
A still further need for wider range of measurements 
exists if more than one dispersion process occurs. 

The technical problems of adequate measurements 
over the many decades of frequency necessary for really 
complete studies are often considerable. These difficul- 
ties have led various workers to examine the possibilities 
of comparing measurements at one frequency or a few 
frequencies in a limited range, but over a sufficient 
range of temperature to follow the change from equi- 
librium polarization to vanishingly small orientation 
polarization. 

Stark” has proposed simply plotting the measured 
values of e’ and e’’ at one fixed frequency and different 


1” Unpublished results by D. W. Davidson in this Laboratory. 
” K. H. Stark, Nature 166, 436 (1950). 


temperatures on the complex plane and using the re- 
sultant locus as a characterization of the dispersion 
process and dispersion function. As Powles”' pointed 
out, this procedure cannot lead in general to a satis- 
factory representation of the dispersion function (i.e., 
the functional dependence of e* on w and 7), because the 
parameters ¢€9 and ¢, also have a temperature de- 
pendence for which no allowance is made, and because 
the character of the dispersion function may well depend 
on temperature. Stark’s example of solid hydrogen 
bromide was particularly unfortunate in these respects 
as this substance undergoes a phase transition in the 
temperature range from which he took his data and 
also exhibits two distinct dispersions at any one tem- 
perature in the range 63°-90°K below this phase 
transition.” 

Despite these inherent limitations of such a substitute 
for complete frequency spectra at each of a series of 
temperatures, one can obtain useful information in this 
way in some cases. The objection that ¢€ and e,, are 
temperature dependent can be met in part at least if 
reduced or normalized variables (e’—e,)/(€o.—€.) and 
é’’/(€9-— €.) from known or estimated values of €o and e, 
are calculated. These reduced values are then used for 
a complex plane locus or for plotting separately against 
a suitable reduced frequency (e.g., wn/T, where 7 is 
the static viscosity and TJ the temperature, would be 
possible for a polar liquid on the basis of Debye’s 
theory’). 

The procedure of using reduced variables in some 
cases gives a synthesis of results at a few frequencies 
and a range of temperatures which is very similar to 
those from much more complete measurements at one 
temperature. An example is the comparison in Fig. 5 
of data for glycerol obtained by earlier workers with 
the reduced form of Eq. (11): 


e*—e, 1 


ee (1+-iwro)® 








In making this comparison, the value of ¢,. was taken 
to be 3.5, the values of €) were for internal consistency 
taken from estimates or values given in the original 
papers,” and an average value 6=0.60 was used to 
calculate the solid curve. 

The example of Fig. 5 suggests both the possibilities 
and limitations of the reduced representation. It is clear 
that the asymmetric frequency dependence of the dis- 
persion process can be deduced from the less complete 
data. At the same time, finer details are missing oF 
obscured: namely, the small but definite dependence 
of the dispersion parameter 8 on temperature, and the 
existence of a distinct secondary high-frequency dis- 
persion. Much the same conclusions can be drawn from 


21 J. G. Powles, Proc. Phys. Soc. (London) B64, 81 (1951). 
2S. O. Morgan, Trans. Electrochem. Soc. 65, 109 (1934); S. 
Mizushima, Bull. Chem. Soc. Japan 1, 47 (1926). 
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ANALYSIS OF DIELECTRIC RELAXATION MEASUREMENTS 


a similar analysis of results for other glycols and for 
monohydric alcohols.’* Thus useful information can 
be gained from incomplete data, but at the risk of over- 
looking significant features. In view of this, it is im- 
portant to emphasize, as a number of writers have done, 
that the only completely satisfactory description is by 
measurements over the entire frequency range of 
significant changes in properties and over a sufficient 
temperature range to establish clearly the temperature 
dependence. 


VI. CONCLUSION 


The discussion in this paper has been purposely 
confined to the mechanics of representation of dielectric 
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relaxation measurements, but the questions considered 
are relevant to the more fundamental significance of 
the experimental results in relation to other physical 
properties and to intermolecular forces and molecular 
constitution. Many of these questions will probably 
be resolved only by correlation of a variety of evidence 
from structure and equilibrium properties, from differ- 
ences of chemically related substances, and from simi- 
larities and differences of such other irreversible pro- 
cesses as viscosity, diffusion, and viscoelastic relaxation. 
From available evidence, comparisons of dielectric and 
other relaxation effects have significant possibilities, 
and it is hoped that the present discussion may prove 
useful in their analysis. 
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Infrared Emission and Absorption in an Ammonia-Oxygen Diffusion Flame* 


Davip A. Dows,t Ertc WuItTLe,{ AND GEORGE C. PIMENTEL 
Department of Chemistry and Chemical Engineering, University of California, Berkeley, California * 


(Received July 23, 1954) 


An ammonia-oxygen diffusion flame has been studied spectroscopically in the infrared region using a 
flat diffusion flame of the kind described by Wolfhard and Parker. The emissions of OH, NH3, and HO 
and the absorptions of NH; and H:O have been studied as a function of position in the flame. Combined 
with the information obtained earlier by Wolfhard and Parker concerning the distributions of OH, NH, 
NHb, and O:, a complete description of the flame is possible. Evidence is presented that OH is in vibrational 


as well as rotational equilibrium in the flame. 


No evidence of infrared emission by NH or NH: could be found. 


EXPERIMENTAL 


PECTROSCOPIC studies in the visible and ultra- 
violet spectral regions have recently been con- 
ducted by Wolfhard and Parker'? to elucidate the 
structure of diffusion flames. These authors designed a 
burner which provides a flat flame which is particularly 
suited to studies of absorption, as well as emission 
spectra. Their technique offers a favorable opportunity 
for similar study of diffusion flames in the infrared 
spectral region. Infrared study gives supplementary 
data concerning the flame distributions of certain 
species not susceptible to measurements in the visible 
or ultraviolet spectral region. Furthermore, the infrared 
spectrum of a radical species provides interesting infor- 
mation concerning its molecular structure, and the 
presence and locations of several radicals are known in 
these flat diffusion flames. 
With the ammonia-oxygen diffusion flame, Wolfhard 


* This work was supported by the Office of Naval Research. 

t Dow Chemical Fellow, 1952-1953. Present address: Depart- 
ment of Chemistry, Cornell University, Ithaca, New York. 

t Present address: Department of Chemistry, University of 
Cardiff, Cardiff, Great Britain. 

1H. G. Wolfhard and W. G. Parker, Proc. Phys. Soc. (London) 
65, 2 (1952). (This paper will hereafter be referred to as I.) 

* H. G. Wolfhard and W. G. Parker, Proc. Phys. Soc. (London) 
62, 722 (1949). (This paper will hereafter be referred to as II.) 


and Parker were successful in determining the distribu- 
tions of OH, NH, and NH; radicals. This system was 
selected for infrared study. 

The burner used was similar in design to that de- 
scribed in II, except for the omission of the portion 
providing a flow of nitrogen concentric to the react- 
ing gas mixture. The flames were found to be suffi- 
ciently stable without this provision if the burner 
was protected from air currents by a conical shield. 
The burner was made of two pieces of rectangular 
wave guide, with inside dimensions 1.1 by 0.5 cm, 
fixed together side by side along the long dimension. 
To eliminate turbulence in flow, the junction at the 
open end of the two wave-guide tubes was filed to a 
knife edge. 

The burner was mounted in a vertical position on a 
stage which permitted rather delicate horizontal motion. 
This stage was placed so that the center of the flame 
occupied the position of the source of the infrared 
spectrometer and was oriented with the burner knife 
edge parallel to the optical path. The stage allowed 
movement of an image of the flame across the entrance 
slit of the spectrometer. Gas flow rates were measured 
by conventional manometer flow meters. The ammonia 
and oxygen flow rates were each adjusted to 70 cc/sec 
(at room temperature and atmospheric pressure). 
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The spectra were measured with a Perkin-Elmer 
Model 12C spectrometer equipped with LiF, CaFs, 
NaCl, and KBr prisms. To minimize absorption by 
atmospheric water vapor, the spectrometer was 
desiccated with fresh P.O;. In the emission studies, the 
optical path in air was 12 cm. To obtain the absorption 
spectra, auxiliary optics were used to focus an image of a 
globar source in the middle of the diffusion flame (still 
placed at the spectrometer source position). These 
auxiliary optics lengthened the undesiccated optical 
path in air to 66 cm. In the absorption studies, the 
rotating sector “beam chopper’ was placed immediately 
in front of the globar source, thus eliminating modula- 
tion of the light emitted by the flame. All spectral 
studies were made without masking the flame and with 
the center of the optical path located one centimeter 
above the top of the burner. 

In order to compare our results with those of 
Wolfhard and Parker, it was necessary to check the 
effect of a different size burner on the flame features. 
To accomplish this, the experimental arrangement in 
I was used to find the positions in the flame of the 
maxima in emission by OH, NH, and NHe in the 
visible ultraviolet spectral region. As in I, the measure- 
ments were made at a height of one centimeter above 
the burner. Our small burner gave a flame in which the 
species were closer together than in Wolfhard and 
Parker’s flame. Wolfhard and Parker found that the 
maxima of emission due to NH2 and OH were separated 
by 2.3 mm, whereas this distance in the present study 
is 1.4 mm. The ratio of these distances is used as a 


TABLE I. Observed lines in the OH fundamental region. 








Calculated frequencies (P branch) 
Observed K 2-1 K 1-0 


3016 cm ie iat 
2991 10 2993 13 2995 
2976 a pS 
2958 ‘ies ean 
2943 11 2946 14 2944 
2929 eee eee 
2917 cee 
2902 12 2898 
2893 cee 
2871 
2861 


2840 
2827 
2811 tee 
2799 14 2799 
2784 mae 
2764 nase 
2749 15 2749 
2733 ves 
2720 

2706 ie 
2700 16 2698 
2693 eee ‘ms 
2676 vee 19 2677 
2657 — ine 
2644 17 2646 vee 
2620 vee 20 2623 
2606 en iad 
2592 18 2594 





15 2892 


13 2849 
ose 16 2839 


17 2786 


18 2732 








scale factor in comparing to their data, which provide a 
reliable indication of the distribution of the species 
they were able to study. One feature was added to 
the measurements on the electronic spectrum. The 
image of a narrow slit of light was focused in the center 
of the flame at the exact center of the burner. Thus, the 
position of the center of the flame was marked on the 
plate and could be compared with the positions of 
the species. The center of the OH emission occurs at the 
center of the flame. By comparison with I, we conclude 
that the OH concentration is at a maximum in our 
flame about 0.3 mm from the flame center. 


SPECTRA 


Both emission and absorption of the flame were 
measured as a function of horizontal position in the 
flame over the spectral region 600 to 4000 cm“, 
using the prisms mentioned earlier in the appropriate 
spectral regions. Ammonia and water were both 
detected in the absorption spectra. In the emission 
spectra, ammonia, water, and OH were detected. No 
spectral features were observed which could be attrib- 
uted to any other molecular species despite a most 
careful examination of the flame region known to be 
richest in NH and NH: radicals. Unfortunately, the 
emission by water is sufficiently intense in this flame 
to give great interference over a considerable portion of 
the spectrum. 

About twenty lines between 2000 and 3000 cm’ 
were observed in emission, and the spectral positions of 
twelve of these agree quite well with the spectral 
features of the OH radical predicted by the calculations 
of Dieke and Crosswhite.* The observed and calculated 
frequencies are compared in Table I. All of the uniden- 
tified lines are weak, and they may be due to emission 
by water. The lines attributed to OH correspond well 
with the more detailed spectrum obtained by Plyler 
and Ball using a grating spectrometer and an oxygen- 
acetylene flame.‘ 

We studied the infrared emission of water near 1600 
cm using the CaF, prism, providing significantly 
better resolution than obtained by Silverman and 
Herman in their spectral study of water vapor in 4 
hydrogen-oxygen flame using NaCl optics.® The spec- 
trum in the region 1400 to 2100 cm™ is shown in Fig. 1. 
Frequency accuracy in this region is about 4 cm”, 
and the spectral-slit width is indicated in the figure. 
The spectrum in Fig. 1 was observed in a portion of 
the flame presumed to have a temperature of about 
2450°C on the basis of the temperature measurements 
given in I. 

The absorption by water was extremely weak. 
Absorption associated with rotational transitions was 


8G. H. Dieke and H. M. Crosswhite, Bumblebee Project 
Report No. 87, dated November, 1948. 

4. K. Plyler and J. J. Ball, J. Chem. Phys. 20, 1178 (1952). 

5S. Silverman and R. C. Herman, J. Opt. Soc. Am. 39, 216 
(1949). 
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Fic. 1. Emission spectrum of water between 1400 and 2100 cm, using CaF: optics. The temperature is about 2450°C. 


observed in the spectral region 600-800 cm™, where 
atmospheric interference is negligible. Hence the 
intensity of a prominent feature at 659 cm™ (corre- 
sponding to absorption by four unresolved lines), 
provided a means of measuring the variation of 
absorption by water across the flame. Since the slit 
width used was about twenty times the rotational line 
width, the only conclusion which can be drawn is that 
the maximum absorption by water (at 659 cm™) 
and the maximum emission by water (at both 1600 
and 3750 cm) occur at the same location in the flame 
within the experimental uncertainty of two- or three- 
tenths of a millimeter. 

The infrared emission by ammonia was studied near 
1600 cm™ using the CaF: prism and near 950 cm“ 
using the NaCl prism. The NH; emission at 1628 cm™ 
was observed superimposed on a fairly intense emission 
by water. Comparison with a water spectrum obtained 
in a portion of the flame free of ammonia emission 
permitted the determination of an approximate 
ammonia emission spectrum. The contour closely 
resembles a room temperature absorption spectrum 
of ammonia in the narrow spectral region defined by the 
Q-branch “window” of water. The maximum of emission 
was observed at 1628 cm“, identical to the frequency 
of maximum absorption by ammonia at room tempera- 
ture. The emission spectrum of ammonia in the region 
700-1650 cm= is shown in Fig. 2. The frequency 
accuracy is about 3 cm™!. The spectrum was observed 
in a portion of the flame presumed to have a tempera- 
ture of about 1500°C, again on the basis of I. 


RESULTS AND CONCLUSIONS 


The measurements of intensity (either absorption 
or emission) as a function of position in the flame 
provide interesting information concerning the concen- 
tration and effective temperature of the several species 
in the various parts of the diffusion flame. The flame 
positions were conveniently measured relative to the 





edge of the yellow emission zone of the flame. This edge 
was sharply defined on the side of the yellow zone 
toward the center of the flame, and its location was 
determined by moving the burner stage until the yellow 
color just appeared in the entrance slit of the spectrom- 
eter. The location was reproducible to +0.1 mm. This 
position was located 0.3 millimeter from the flame 
center on the oxygen-rich side. Since the thickness of 
the burner partition is about 1.5 mm, no significance is 
attached to the observed position of the yellow edge. 

The various intensity distribution curves are shown 
in Fig. 3. 

The OH distribution was obtained from the averaged 
emission intensities of the strong lines in the P branch 
at 2991, 2943, 2893, 2840, 2785, and 2733 cm™. The 
water-emission distribution obtained by measurements 
on the 1600-cm™ band was identical to that obtained 
from the 3750-cm™ band. The absorption distribution of 
water, using the 659-cm™ lines, was found to have a 
maximum at the same flame position, as mentioned 
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Fic. 2. Emission spectrum of ammonia between}700 and 1650 cm“. 
The temperature is about 1500°C. 
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Fic. 3. Ammonia-oxygen flat diffusion flame: distribution of 
species. The scale of concentration applies only to the NH; 
absorption curve. 


earlier. The NH; emission distribution was obtained 
from intense features of the 1628 and 950 cm™ bands, 
and these two bands were found to give the same 
distribution within experimental error. We determined 
the absorption distribution of ammonia using the Q 
branches of the 950-, 1628-, and 3336-cm™ bands. The 
Q branches of the 950- and 3336-cm™ bands were 
found to follow Beer’s law at room temperature. 
Consequently, the absorption distribution is propor- 
tional to concentration. The intensity scales for the 
other species are purely arbitrary. 

The distributions of intensities observed here 
corroborate the conclusions drawn by Wolfhard and 
Parker concerning the flame structure. By applying 
the scale factor mentioned earlier and sliding their 
intensity distributions relative to ours to superimpose 
the maximum infrared emission by OH with the 
maximum OH concentration given by Wolfhard and 
Parker, we obtained the composite Fig. 4. The validity 
of the superposition depends upon the assumption of a 
temperature profile not too different from that given 
in I. 

The distributions of OH and water support the 
conclusion reached by Wolfhard and Parker that 
thermal equilibrium exists in this portion of the flame 
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Fic. 4. Ammonia-oxygen flat diffusion flame. The data of 
Wolfhard and Parker are shown as dashed curves. 


(assuming their oxygen distribution and temperature 
profile). 

The flame temperature in the OH region was found 
by Wolfhard and Parker to be the same whether 
measured by rotational intensity distribution or by 
sodium line reversal (translational temperature). We 
have made rough measurements of the ratios of 
intensities of close pairs of lines in the infrared-emission 
spectrum of OH, one line of each pair being from the 
1-0 vibrational transition, one from the 2-1 transition. 
Three such pairs were measured, and gave intensity 
ratios 1.5, 1.3, and 1.1, as compared to the ratios 1.4, 
1.3, and 1.2, calculated assuming an harmonic oscillator, 
thermal equilibrium at 2700°K, and the correct 
assignments of the lines. Considering that our measure- 
ments were complicated by the background of water 
emission, the agreement between observed and cal- 
culated ratios is felt to be sufficiently good to indicate 
that OH is in vibrational as well as in rotational 
equilibrium. 
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Luminescence Produced as a Result of Intense Ultrasonic Waves* 
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(April 29, 1953) 


The luminescence produced by intense ultrasonic waves has been investigated in a number of water 
solutions and organic liquids in the frequency range 0.66-2.0 mc/sec. Together with direct visual tests, 
quantitative measurements have been performed for which a photometric method has been developed. The 
results show that luminescence, when it does occur, is always present with cavitation and starts at the same 
sound intensity as cavitation. A quantitative relationship is established between intensity of luminescence 
and chemical yield induced by ultrasonics. From this it is concluded that, at least in some of these cases, 
the phenomenon is chemiluminescence. None of the organic liquids tested showed any luminescence except for 
nitrobenzene in which the luminescence was very weak in the frequency range and under the physical condi- 
tions examined. It is not possible at present to conclude whether this weak luminescence is due to some 
chemical reaction occurring in it or to a different process. An apparent frequency dependence for the intensity 
of luminescence was observed ; however, it is shown that the threshold of cavitation is the frequency-depend- 


ent phenomenon. 





1. INTRODUCTION 


ANY experimenters have reported the observa- 
tion of luminescence produced by high-intensity 
sound waves in liquids at different frequencies, and 
hypotheses have been made concerning the origin of 
this phenomenon. All authors agree that luminescence 
can be present only when cavitation also occurs. 
Chambers! tested a considerable number of liquids in 
the low-frequency range, 1-9 kc/sec. He found that 
the intensity of the light produced by sound increased 
with the product of the dipole moment and the viscosity 
coefficient of the liquid. The higher light intensities 
were observed in glycerine and nitrobenzene, the lower 
ones in the monohydric alcohols. Water, however, had 
a much larger luminescence than would be expected 
from its dipole moment and its viscosity. 

In a higher-frequency range, a few hundred kc/sec, 
Harvey? studied numerous solutions of different 
substances in water and interpreted his results as 
excluding the possibility of chemiluminescence as an 
explanation of the observed phenomena. In particular, 
the fact that luminescence was present in water 
saturated with nitrogen led him to the conclusion 
that the presence of oxygen was not necessary for 
luminescence in water. Moreover, the great variety of 
conditions under which the luminescence occurred in 
reducing or oxidizing solutions was taken by him as 
evidence of nonchemical origin of luminescence and 
he suggested electroluminescence. However, more 
recent experiments have shown that there are chemical 
eflects in all cases in which Harvey observed 
luminescence. 

Frenkel proposed the idea that the origin of lumines- 
cence may be due to a kind of balloelectricity. This 
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theory is based on the hypothesis that cavitation is 
produced by effective tearing of the liquid and not by a 
gradual growing of the bubbles from nuclei. As a 
consequence of high intensity sound waves, the liquid 
is torn apart producing cavities in which electrical 
charges are formed on opposite parts of the surface. 
During the collapse of a bubble, an electric discharge 
takes place with production of light and formation 
of active oxygen which may be responsible for the 
chemical effects observed. It is difficult to accept this 
hypothesis because cavitation and luminescence may 
be observed at intensities of the sound waves far below 
what would be required to overcome the intermolecular 
forces. 

Recently Neppiras and Noltingk* have studied 
solutions of carbon tetrachloride in water in the fre- 
quency range 500 kc/sec-2 mc/sec and have proposed 
as an alternative explanation of luminescence the 
possibility that the temperature inside the bubbles 
increases during their collapse so much as to produce 
incandescence of the gases inside. 

In previous investigations in this laboratory, the 
hypothesis was made,® and tested,®’ that cavitation 
bubbles act as hot spots which are responsible for 
chemical reactions, as also suggested by Neppiras and 
Noltingk. It was found®’ that the primary reactions 
occurred only within the gas phase of a bubble and 
depended on the gas in the bubble. Aqueous solutions 
of carbon tetrachloride gave free chlorine if the gas 
was argon or carbon monoxide, but not if it was 
hydrogen. In ether, methyl alcohol, benzene, and 
nitrobenzene, saturated with air, no chemical effects 
were found. It is our present opinion that in all cases 
where reactions have definitely been found by us, the 


4E. A. Neppiras and B. E. Noltingk, Mullard Research Lab. 
Report 135 (1951). 

5 V. Griffing, J. Chem. Phys. 18, 997 (1950). 

6M. E. Fitzgerald, The Role of Dissolved Gases in Chemical 
Reactions Produced by Ultrasonics, Ph.D. thesis (Catholic Uni- 
versity of America Press, 1951). 

7V. Griffing, J. Chem. Phys. 20, 939 (1952). 
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Fic. 1. Experimental arrangement for visual tests of luminescence 
produced by ultrasonic waves. 


primary reaction in the gas bubble is dissociation of the 
water vapor. If no reactive gas is present, the product 
is hydrogen peroxide. If carbon tetrachloride vapor is 
also present, there is a further reaction which forms 
free chlorine. 

From this brief survey, it appears that the origin of 
the sonoluminescence is not yet clearly understood 
and that it is necessary to gather more experimental 
data. The experimental study of these phenomena is 
made difficult because the observed light intensity is 
very low. Thus, up to now the observations have been 
of a qualitative nature. 

For these reasons we have made some experiments 
to clarify the nature of the phenomena and have 
developed an experimental setup for quantitative 
measurements of luminescence to explain further the 
data® previously obtained from direct visual ob- 
servations. 


2. APPARATUS AND METHODS OF MEASUREMENT 


For direct visual observations a simple experimental 
arrangement was used. A quartz crystal (Fig. 1) 
mounted in a holder described below, was used for 
generating sound waves, which were transmitted 
through a layer of water to the liquid contained in the 
test tube. The open end of the tube was closed by a 


8 V. Griffing and D. Sette, Phys. Rev. 87, 234 (1952). 
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thin sheet of nylon which permitted 99 percent of the 
sound energy to enter the liquid. The observations were 
made in a dark room after the eyes became accommo- 
dated to the low intensity light. 

In the arrangement described, the layer of water 
between quartz and test tube became luminescent. 
This was not a great inconvenience when the liquid 
in the tube was strongly luminescent but was trouble- 
some when the second liquid was scarcely luminescent 
or not luminescent at all. In these cases we used ether 
or a mixture of water and ether, which showed no 
luminescence, as intermediate. 

The experimental setup for quantiatative measure- 
ments of luminescence is shown in the block diagram of 
Fig. 2. The liquid was contained in a small chamber, 
one wall of which was a quartz crystal for generating 
sound waves and the opposite wall was a glass window. 
The photosensitive tube was located on the back of 
the window. This tube, an R.C.A. 931A, was part of a 
photomultiplier microphotometer (Am. Instr. Co. Type 
N-10—210), in which an amplifier and a bridge circuit 
were designed to allow measurements of very weak 
luminous flux (of the order of micromicrolumen). 

Figure 3 gives details of the quartz holder and the 
chamber. Figure 4 shows a picture of them, together 
with the phototube attachment and the box used as a 
light screen. An important point in the construction of 
such apparatus was to avoid any discharge between the 
quartz electrodes and to limit as much as possible 
corona effects on the electrodes, particularly inasmuch 
as the voltages applied to the quartz ranged up to 
3500 volts. For these reasons, the quartz was put 
between two circular electrodes of diameter smaller 
than the quartz disk and only the central parts of its 
faces were gold-plated. The electrodes, in addition, 
were shaped to decrease the voltage gradient. Not- 
withstanding these precautions a corona effect was still 
detectable (especially at 1 mc/sec where very high 
voltages were required) with the microphotometer at 
its maximum sensitivity. 

In order to control the temperature, tap water was 
circulated through a refrigeration coil placed around 
the liquid chamber. This system was found satisfactory 
for our purpose, because we intended to investigate 
only at room temperature and it was necessary to 
change the liquid specimen very frequently for other 
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Fic. 2. Block diagram of experimental arrangement for measuring 
luminescence produced by ultrasonic waves, 
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reasons. Cavitation produced a rapid degassing of the 
small quantity of liquid in the chamber and a 
consequent change in its behavior. Moreover, when 
carbon tetrachloride was present in aqueous solutions, 
the chemical reactions produced a change in the optical 
properties of the liquid, with the appearance of a white 
cloudiness. The temperature of the liquid, when it was 
introduced into the chamber, was 21°C; when it was 
taken out, a temperature increase from 21°C to 26°C 
was usually observed. 

The liquid was passed into the cell through two small 
pipes screwed into threaded holes in the chamber. 
These holes were afterwards sealed with two screws. 
When water solutions saturated with gases other than 
air had to be tested, the following procedures were 
used for introducing them into the ultrasonic cell: (1) 
The chamber was filled with distilled water; (2) The 
water was pushed out of the chamber by the same gas, 
under pressure, which was dissolved in the solution to 
be next used: (3) The chamber was filled with the water 
solution from a flask where the solution had been 
stored under a pressure a few millimeters higher than 
atmospheric. 

A cylindrical shape was chosen for the liquid chamber, 
with the glass window parallel to the quartz in order 
to observe the light from the best position and to 
increase the sound energy density in the liquid from 
reflections. This has the disadvantage that the presence 
of standing waves makes it difficult to specify the energy 
level inside the chamber. Because it has been observed 
that the real distribution of the sound pressures under 
these conditions is strongly dependent on the geometri- 
cal shape of the vessel, we have preferred to adopt 
a procedure developed in other cavitation threshold 
experiments at this University.® 

The method involves two assumptions: (a) That 
the sound intensity level at which cavitation begins is 
independent of the geometry of the sound field; (b) 
That the energy in a given sound field is proportional to 
the square of the voltage applied to the sound source 
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Fic. 3. Sound source, liquid chamber and photocell for experi- 
mental study of luminescence produced by ultrasonic waves. 


*F, E. Fox and W. Connolly, Experimental Studies of the 
Cavitation Threshold in Liquids (to be published). 


Fic. 4. Ensemble sound source, liquid chamber, and photocell. 


at a given, constant frequency. Thus one determines 
K, in the relation J=K,V?, by simultaneous measure- 
ments of the voltages and the sound intensity in a 
progressive, nearly plane wave system using a radiation 
pressure detector and fresh tap water. In the same 
system one determines /J;,, the intensity level for the 
onset of cavitation. Using the closed vessel with the 
standing wave system, one determines the voltage at 
which cavitation begins. Using the same relationship, 
J= KV’, for the standing wave system, one can calcu- 
late the value of Ko, if one assumes that cavitation sets 
in at the samel ocal intensity in the standing wave as in 
the progressive wave. The value of Kz can be used for 
this particular experimental arrangement as long as the 
frequency remains constant and the ratio of K, to 
Kz is assumed to depend only on the geometry of the 
system. 

After the onset of cavitation, the presence of many 
sound-scattering bubbles disturbs the sound field in 
both of the above systems, but one assumes that the 
quadratic dependence upon voltage holds for the 
average intensity beyond the cavitation threshold. The 
conditions for the observation of cavitation in the 
chamber were not very favorable. This observation 
was made by disconnecting the phototube attachment 
and using the glass window both for transmitting a 
light beam and looking at the bubble formation. 
Moreover, it was often difficult to start cavitation in the 
chamber, so that it was sometimes preferable to deter- 
mine the end instead of the onset of cavitation. The 
study of luminescence was usually done by applying 
the maximum voltage to the quartz and recording the 
light meter deflections as the voltage, continuously 
applied to the quartz, was gradually decreased. Under 
these conditions, cavitation ceased for energy levels 
slightly lower than Jin. The cavitation thresholds for 
tap water, obtained by applying intermittent voltages 
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Fic. 5. Luminescence in water solutions as function of 
sound intensity, frequency 1 mc/sec. 


8 12 
J (W/cm) 


to the quartz,® were 0.62 w/cm? at 660 kc; 0.90 w/cm? 
at 1 mc; 1.65 w/cm? at 2 mc. 

Only two or three runs were made on a given sample; 
the results given below are an average of tests on many 
samples. As was mentioned before, the main reasons for 
making so few runs on the same sample were the 
degassing of the liquid produced by cavitation and the 
cloudiness of the liquid, when carbon tetrachloride was 
present. To correct for these changes, the readings of 
the light meter given in the second run have been 
multiplied by the ratio of the maximum readings in the 
first and second runs. Table I shows how the average 
deflections for a sample have been calculated. The 
average for different samples was used to obtain the 
values of light given below. 

At high ultrasonic intensity, we found that the light 
intensity measurements reproduced quite well. At 
lower ultrasonic intensities, however, large variations 
were found among successive runs. At these intensities, 


TABLE I. Calculation of average of illuminations at the photo- 
tube for a specimen of water, carbon tetrachloride, argon solution. 








Voltage 
at the Phot 

quartz 2nd Run 
(kv) ist Run 2nd Run corrected Average 
2.4 33.5 1078 24.4 10-8 30.0¢10-* 33.5X 1078 
pa 27.5 19.8 27.4 27.3 
1.8 18.9 13.4 18.4 18.6 
1.6 9.5 7.0 9.6 9.55 
Pe a9 3.6 5.0 5.29 
1.0 io 0.9 12 1.35 
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the luminescence changed very rapidly with the sound 
intensity. Therefore small changes in gas content of 
the liquid, nuclei present, and other conditions which 
influence cavitation had a larger effect. 

It was not possible to eliminate corona effect entirely, 
especially at 1 mc/sec where large electric fields were 
used. This was of no importance when the measure- 
ments were made in strongly luminescent liquids, like 
the aqueous solutions examined, because the deflections 
of the light meter due to corona were less than 0.5 
percent of those obtained for the luminescence. In other 
cases, however, when the luminescence was weak or was 
not present at all, the occurrence of the corona effect 
made the observations more complicated. The method 
used in these cases was to make two successive runs 
at the same voltage, always with the chamber filled with 
the liquid. During the first run, the voltage applied 
at the quartz had a frequency 400-500 kc/sec different 
from the crystal resonance frequency. Since the off- 
resonance vibration was not large enough to cause 
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Fic. 6. Yield of free Cle as function of sound intensity, fre- 
quency 2 mc/sec (H2O+CCl+gas). Irradiation time, 1 
minutes. 
cavitation, the deflection at the light meter in this 
case was due to the corona. The second run was made 
with the quartz vibrating and cavitation going on. 

For the preparation of the liquid solution, we followed 
the system described by Fitzgerald.* Double distilled 
water was boiled in a flask for half an hour; after 
cooling, carbon tetrachloride and a desired gas were 
admitted into the flask to saturate the water. 

The average illumination, produced on the phototube 
sensitive surface, was taken to characterize the lumi- 
nescence produced in the liquids by sound waves. The 
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light meter deflections, therefore, were converted to 
light intensities expressed in lumens/cm? (phots), 
using another less sensitive photometer for calibration. 


3. RESULTS 


A certain number of introductory observations were 
made with the light meter to establish the relation 
between luminescence and cavitation in the liquids 
where luminescence occurs; it was found that in these 
cases the two phenomena were always together; every 
time cavitation was present, it was also possible to 
observe luminescence, and vice versa. 

A qualitative study of luminescence in some aqueous 
solutions and a quantitative study of the chemical 
yields for the same solutions were made at a frequency 
of 2 mc. A series of experiments was first undertaken 
for distilled water saturated with carbon tetrachloride 
and saturated with various gases. In Table II the 
solutions are listed in order of decreasing estimated 
intensity of luminescence. The total yield of free 
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Fic. 7. Yield of free Cl2 as function of intensity of luminescence. 
The yield of free Cl, is at 2 mc, luminescence measurements for 
1 mc. 


chlorine, after six minutes irradiation at the same 
fixed intensity for which luminescence was visually 
estimated, is also given in Table IT. In all cases, it was 
found that the gas which gave the larger quantity of 
free chlorine also gave the larger estimated intensity of 
luminescence. 

In addition, qualitative observations were made on 
the irradiation of tap water, in which the luminescence 
was quite weak; 0.04 milliequivalent of H,O2 were 
formed at a fixed intensity during a ten minute run. 
On repeating the experiment, but using tap water 
saturated with carbon tetrachloride, the luminescence 
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Fic. 8. Photometer indications, with benzene in the chamber, 
as function of the voltage at the quartz crystal, frequency 1 mc. 
The measurements for no cavitation were made a few hundred 
kc off resonance at the same voltage. 


was decidedly stronger and 0.44 milliequivalent of 
free chlorine was formed. In another series of qualitative 
observations, the distilled water—carbon tetrachloride 
solutions were saturated with hydrogen. In these 
experiments, extreme care was necessary to eliminate 
traces of oxygen from the water; the hydrogen was 
admitted after passing over hot copper. Cavitation was 
observed, but no luminescence, no free chlorine, and 
no change in pH. 

Quantitative observations of the intensity of lumi- 
nescence, in some aqueous solutions, as a function of 
sound intensity, were made at a frequency of 1 mc. 
The results are plotted in Fig. 5, from which it may be 
seen that the intensity of luminescence measured for 


TABLE II. Comparison of intensity of luminescence and chemi- 
cal yield for the system H,O-CC\, gas at a frequency of 2 mc/sec. 














Qualitative Yield of free 

estimate of Cle after 

intensity of irradiation for 

System luminescence 6 minutes 

H.O0+CClh,+Argon strong 0.888 
H,0+CCl,+Neon strong 0.690 
H.0+CChl,+N2 medium 0.534 
H.O0+CClL,+CO weak 0.330 
H.0+CChL+SF¢ weak 0.276 
H.O+CChk+Freon 114 quite weak 0.060 
H.0+CCl,+Hz2 none 0.008 
H.0+CChl,+COz2 none 0.000 








* Cavitation was present. 
> Cavitation was not present. 
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Fic. 9. Photometer indications, with nitrobenzene in the cham- 
ber, as function of the voltage at the quartz crystal, frequency 1 
mc. The measurements for no cavitation were made a few hundred 
ke off resonance at the same voltage. 
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the distilled water-CCl,A system is greater at all 
values of the sound intensity than that observed for 
the distilled water-CCl,-CO system. Although no 
measurements of the yield of free chlorine were made on 
the same sample used in the luminescence experiments, 
a series of measurements of the chemical yield, as a 
function of intensity, were carried out, for solutions 
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Fic. 10. Luminescence in tap water as function of 
sound intensity at various frequencies. 
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having the same composition, at a frequency of 2 mc 
and an irradiation time of ten minutes.® These results 
are given in Fig. 6; in this case, the yield of free chlorine 
is always greater for the solution saturated with argon 
than for the solution saturated with carbon monoxide, 
If one plots chlorine production against photometer 
reading (Fig. 7), the curves for two different gases 
(argon and carbon monoxide) fall much closer together 
than if either chemical yield or luminescence is plotted 
separately against sound intensity ; in fact, the difference 
between the curves may be due to experimental error. 
Even in the case of irradiation of tap water, where 
H:O2 was formed and luminescence was observed, the 
point lies very close to the curve. 

Some observations were made also on the following 
organic liquids saturated with air: ether, acetone, 
methyl alcohol, benzene, and nitrobenzene. As was 
mentioned earlier, no chemical reactions had been 
found in these liquids.? The direct visual tests were 
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Fic. 11. Luminescence in tap water at various frequencies as 
function of the ratio, sound intensity/intensity at cavitation 
threshold. 


negative for all of them, including nitrobenzene, 
although cavitation was present. The measurement 
with the photometer gave a different result in the case 
of nitrobenzene. For these measurements, it was 
necessary to use the photometer at its maximum 
sensitivity, so that it was important to take into 
account the deflections due to the corona discussed 
above. Figure 8 gives the light at the phototube as 4 
function of the voltage applied to the transducer when 
cavitation was present in benzene and when the quartz 
was driven out of resonance. The illuminations on the 
phototube for the same voltage were equal in the two 
cases; evidently no luminescence was present. The 
same result is valid for ether, acetone, and methyl 
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alcohol. Figure 9 shows the results of the photometer 
measurements for nitrobenzene, where a definite 
difference is present between the two curves; thus a very 
weak luminescence is present. One can judge the 
intensity of the luminescence in this case, by comparison 
with that in tap water; the deflections for tap water at 
the same voltage are over one hundred times larger. 
The luminescence in tap water was also measured 
at the frequencies of 660 kc/sec and 2 mc/sec in order 
to make a comparison of the phenomena at different 
frequencies. Figure 10 gives the results for these two 
frequencies together with the ones given above at 
1 mc/sec. A source of possible error in the relative 
positions of the three curves is in the determination of 
the voltage for which cavitation starts in the liquid 
chamber, which affects the intensity scale. The diffi- 


509 


culties of this determination have been mentioned 
above. We estimate that the accuracy of the voltage 
determination at the cavitation threshold in the 
chamber is around 10 percent, which means that the 
accuracy , with which the intensities (as defined above) 
are known, is 15 percent-20 percent. Another com- 
parison of the results at different frequencies has been 
made. In Fig. 11, the illumination at the phototube 
is plotted as a function of the ratio J/Jo, where J is 
the ultrasonic intensity and J» is the cavitation thresh- 
old for the respective frequencies given in Fig. 10. 
Within the accuracy of the sound intensity measure- 
ments these all lie on the same curve, indicating that 
the apparent frequency dependence of the luminescence 
is actually due to the frequency dependence of the 
threshold of cavitation. 
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Compressibility of Gases. I. The Burnett Method. An Improved Method of Treatment 
of the Data. Extension of the Method to Gas Mixtures* 
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The theory of the Burnett method of measuring the compressibility of gases is discussed, and an analytical 
method of treating the data is presented. Determinations of the compressibility factor at 30°C for helium, 
nitrogen, and carbon dioxide show the convenience of the analysis and the precision that may be obtained 
by the method. Extension of the Burnett measurement to gas mixtures is also reported for some binary 


combinations of the three gases. 


I. INTRODUCTION 


HE compressibility factor, Z=pv/RT, of any 

homogeneous phase is an intensive property of 
the phase and can be regarded as a function of the 
pressure, p, the temperature, 7, and the several mole 
fractions in terms of which the composition of the 
phase is to be given. In the case of a gas or gas mixture 
of fixed composition, the compressibility factor becomes 
a function of pressure and temperature only. It should, 
therefore, be possible to devise an experiment in which 
the compressibility of a gas of fixed composition is 
determined at points along an isotherm from pressure 
measurements alone. 

A suitable experiment of this kind was first described 
by Burnett! and applied by him to helium at 0°C and 
50°C up to a pressure of 124 atmospheres and to air 
at 30°C up to a pressure slightly above 60 atmospheres. 

Since Burnett’s original paper, the only important 

* Based on a dissertation submitted in April, 1952, by W. C. 
Pfefierle, Jr., in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. This work was done in the 
Thermodynamics Research Laboratory of the University of 
Pennsylvania. 

t Present address: Standard Oil Company of Indiana, Whiting, 


ndiana. 
‘E. S. Burnett, J. Appl. Mechanics 58, A136 (1936). 


fundamental research published for this experiment 
has been by Schneider and his co-workers.? They have 
investigated helium (0-1200°C, 80 atmos), argon 
(0-600°C, 80 atmos), carbon dioxide (0-600°C, 50 
atmos), carbon tetrafluoride (0-400°C, 50 atmos), and 
sulfur hexafluoride (0-250°C, 50 atmos). Much of 
their experimentation employed apparatus and pro- 
cedures which are fundamentally different from those of 
Burnett. 

The work reported here was undertaken to investigate 
the further potentialities of the Burnett experiment, 
especially by using an improved method for treatment 
of the data and by extending the experiment to study 
of the behavior of gas mixtures. Helium, nitrogen, 
carbon dioxide, and binary mixtures of these were 
used at 30°C and at pressures up to 120 atmospheres. 


II. THEORY 


The Burnett apparatus is made up essentially of 
two chambers. The first chamber, of unknown volume 


2 W. G. Schneider, Can. J. Research 27B, 339 (1949); W. G. 
Schneider and J. A. H. Duffie, J. Chem. Phys. 17, 751 (1949); 
J. L. Yntema and W. G. Schneider, ibid. 18, 641 (1950); K. E. 
MacCormack and W. G. Schneider, zbid. 18, 1269 (1950); 19, 845 
tigssy’ Whalley, Lupien, and Schneider, Can. J. Chem. 31, 722 

1953). 
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V, is connected by means of a suitable valve to the 
second chamber, of unknown volume (V—1)V. The 
first chamber is also provided with connections for 
filling and for a pressure gauge, while the second is 
connected through a valve to a vacuum system. Both 
chambers together with their associated valves are 
immersed in a constant-temperature bath. 

At the start of an experiment the first chamber, 
hereafter referred to as chamber I, is filled to a high 
pressure with the gas to be investigated while the 
second, or auxiliary, chamber is evacuated. When 
thermal equilibrium with the bath has been attained, 
the pressure fo in chamber I is measured; then the 
interconnecting valve is opened, allowing the pressure 
in both chambers to equalize. After thermal equilibrium 
between gas and bath has been reached again, the 
interconnecting valve is carefully closed, the new 
pressure p; in chamber I measured, and the auxiliary 
chamber re-evacuated in preparation for the next 
expansion. 

Repetition of this procedure yields a series of pressure 
measurements of decreasing magnitude tending toward 
zero pressure, namely fo, pi, p2, ps, . . - - The weight 
of the gas remaining in chamber I at any reading #, 
should be exactly 1/N of its value at the preceding 
pressure p,-1. Therefore, we may write 


bra/pr=N(Z,1/Z,), (1) 


where Z, represents the compressibility factor at the 
pressure p, and the constant temperature. 

Experimental values of the compressibility factor for 
one and the same temperature always appear to 
extrapolate to the value unity at zero pressure. Indeed, 
the theory of.the practical realization of absolute 
temperature is based in large part upon this extra- 
polation. The Burnett experiment is based upon the 
same extrapolation; from it and Eq. (1) we see that 
the pressure ratio ,_1/p, should appear to extrapolate 
to the value N at zero pressure. Evaluation of V based 
on the linearity of plots of the pressure ratio against the 
pressure in the low-pressure region for gases such as 
helium has been used in earlier treatments!” of the 
Burnett measurements. The pressure-ratio plots are 
also helpful for visualization of the data over the whole 
range of pressure. 

Since N is by definition an apparatus constant, 
dependent only on temperature, its value as determined 
from any experiment is independent of the gas used. 
Therefore, the reproducibility of the experimental 
determination of JN is an indication of the reliability of 
the experimental data. 

By repeated application of the relation given by Eq. 
(1) we readily obtain 


Z,= (Zo/po) Nr (2) 


from which it follows that the quantity Vp, should 
tend toward the value ~o/Z» as p, approaches zero. 
The ratio o/Zo is a filling constant and is, of course, 
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equal to m,RT/V. Its value for any particular run can 
be determined by suitable extrapolation to zero pressure 
of the computed values of the quantity N"p,, where- 
upon Eq. (2) will yield a value of the compressibility 
factor Z, for each observed pressure p,. 

In our extension of the method to gas mixtures, the 
experiment differs from the pure gas measurements 
only at the start. Chamber I is first filled to a given 
pressure fa. with component A. When thermal equi- 
librium with the bath has been reached, the pressure 
pa is measured; then component B is added until the 
desired pressure is reached. After complete mixing and 


thermal equilibrium have been established, the pressure | 


po is measured. The constancy of the pressure of the 
mixture is a sensitive indication of the completeness of 
mixing. 

From the preceding description and the definition of 
Z, it follows that the mole fraction of component A, %,, 


is given by 
%a= (pa/Za)(Zo/po), (3) 


where Z, is the known compressibility factor of com- 
ponent A at the pressure p, and Zp is the compressibility 
factor of the mixture at the pressure fo. 

The remainder of the procedure and the relationships 
used to obtain the compressibility factors are the same 
as for the pure gases. We note as an additional interest 
in this work that, as shown by Eq. (3), it provides a 
means of preparing gas mixtures whose compositions 
are known with unusually high accuracy. 


III. TREATMENT OF THE DATA 


If, for the pressure range of the experiment, Z can 
be expressed as an analytic function of either the 
pressure or molar volume at the constant temperature, 
then the constants of Eq. (2) may be evaluated directly 
from the observed pressure data. For example if we take 


Z=14+Bp+Cp+Dp'+---, (4) 


where the adjustable parameters, B, C, D, . . . are 
temperature functions usually called virial coefficients, 
we obtain the following equations of condition: 


AN’),= 1+ Bp,+Cp?+Dp3+ ee (5) 


where A is written for Zo/ po. 

These equations of condition may be linearized 
readily for application of a least-squares routine which 
will yield the adjusted values of A, V, B,C, D, .. . to 
gether with their standard errors. In weighting these 
equations, our experience with the Burnett apparatus 
has led us to assign unit weight to each pressure 
measurement regardless of its magnitude, and we have 
used p, itself as weighting factor. For the present 
investigation, at least seven expansions were made in 
each run, giving at least eight observed pressure values. 

A similar procedure may be followed with any other 
regression formula used to express the compressibility 
factor. For carbon dioxide and mixtures rich in that 
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gas, Eq. (4) was found unsatisfactory, at least for 
pressures above 30 atmospheres, even when virial 
coeficients up to and including the fourth were in- 
cluded. For this reason, we have used a different 
regression formula 


In Z=b(RT/v)+c¢(RT/v)?+d(RT/v)* (6) 
which, in view of Eq. (2), may be rewritten 
In p=In (p/Z)+6(p/Z)+c(p/Z)?+-d(p/Z)? 


to show that it gives p/Z, and therefore Z, as an implicit 
rather than an explicit function of ». This formula was 
found to fit the data remarkably well for the entire 
pressure range under consideration. The equations of 
condition in this case are 


3 
In AN'(,= ¥ am(AN*)-™. 


m=1 
IV. EXPERIMENTAL 


The dead-weight pressure gauge and a thick-walled 
cylindrical stainless-steel bomb which formed the two 
gas chambers were obtained from the Refinery Supply 
Company, Tulsa, Oklahoma. The volumes of the two 
chambers were 600 and 275 cc and the wall thickness was 
approximately three-fourths inch. Hoke No. 322 
packless values were used for filling, evacuating, and 
interconnecting the chambers. The balance indicator 
connecting chamber I with the gauge was a mercury 
U-tube manometer similar in design to the one used by 
Bridgeman.’ Location of this manometer outside the 
thermostat resulted in a small (ca 0.5 cc) unthermo- 
stated gas volume. The effect of this small volume was 
negligible since the measurements were carried out near 
the room temperature. 

The piston gauge factor was determined using the 
ice-point vapor pressure of pure dry carbon dioxide.’ 
The calibration was reproducible to one part in 10 000. 
| The effect of temperature on the gauge factor agreed 
with the equation given by Bridgeman.’ All the piston 
weights were carefully calibrated to the nearest 0.01 
gram. The zero correction of the mercury manometer 
and the head of oil above the piston were determined at 

TaBLE I. The observed pressures (in atmospheres) of some 


Burnett expansions of helium, nitrogen, carbon dioxide, and a 
carbon dioxide—nitrogen mixture at 30°C. 








He Ne CO2 


103.263 77.919 53.633 
69.326 52.918 41.781 
46.770 36.043 31.127 
31.658 24.575 22.517 
21.476 16.760 15.974 
14.592 11.430 11.186 

9.9241 7.7944 7.7649 
6.7541 5.3149 5.3588 
4.5994 3.6239 3.6838 
3.1330 2.4706 

2.1344 


CO:—N: 


68.213 
47.383 
32.779 
22.589 
15.519 
10.637 
7.2783 
4.9745 
3.3973 





(pCOz 19.349) 








*O. C. Bridgeman, J. Am. Chem. Soc. 49, 1174 (1927). 
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Fic. 1. The plot of the pressure ratio against the pressure for 
two independent Burnett expansions of helium at 30°C. 


each pressure. The barometer used to measure the 
atmospheric pressure was checked with a precision 
cathetometer. A NBS calibrated Leeds and Northrup 
platinum-resistance thermometer and G-2 Mueller 
bridge were used for all the temperature calibrations. 
The helium was Bureau of Mines Grade A gas. It 
was passed into the bomb through a liquid-air trap. 
The nitrogen was Matheson prepurified gas and the 
carbon dioxide was Matheson “bone-dry” material. 
The experimental procedure was essentially that 
used by Burnett.! To be certain that thermal equi- 


TABLE II. The adjusted values of the apparatus and filling 
constants and the second and third virial coefficients for helium 
and nitrogen at 30°C. 








A X10? 
N (atmos~!) 


BX<10+ 
(atmos~) 


Cc X108 
(atmos~?) 





1.4670187 
+0.0000204 


1.4670847 
+0.0000105 


1.4671001 
+0.0000175 


1.4671110 
+0.0000240 


1.4670576 
+0.0000290 


1.4670667 
+0.0000160 


0.879104 
+0.000081 


1.015355 
+0.000048 


0.923324 
+0.000081 


1.744250 
+0.000159 


1.998800 
+0.000219 


1.885595 
+0.000115 


4.778 
+0.015 


4.735 
+0.009 


4.731 
+0.014 


— 1.681 
+0.024 


— 1.666 
+0.033 


— 1.685 
+0.017 


6.13 
0.61 


5.55 
0.42 


H+ H+ H+ HI OHI HI 
S 8 
Co KO CO, 

RA WO mn WD 
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TABLE III. The adjusted values of the constants in the expres- 
sions for the compressibility factor of carbon dioxide at 30°C. 











bX<108 cX106 dX109 BX108 CX105 DX<108 
(atmos!) (atmos~2) (atmos~%) (atmos~!) (atmos~2) (atmos™%) 
—4.7482 4.363 +8.86. 
Run A +0.0014 +0.031 +0.20 —4.7482 —1.564 —2.97 
—4.7567 —4.169 +7.72 
Run B 40.0029 40.070 +4050 —4.7567 —1.548 —3.00 








librium was reached at each pressure reading, the 
constancy of the measured pressure was checked over 
a period of at least one hour. The temperature of the 
bath was maintained constant within +0.002°C for 
all experiments. 

For all the binary combinations substantial pressure 
changes occurred on mixing. Homogeneity was con- 
sidered complete only when there was no measurable 
change in the pressure of the mixture over a twenty-four 
hour period. A minimum of four days was necessary for 
complete mixing. To test the possibility of unmixing 
during expansion, the exhaust gas from each expansion 
of a helium-carbon dioxide mixture was analyzed by 
an Orsat-type gas analyzer. Throughout seven expan- 
sions the analysis remained unchanged within the 
experimental accuracy of +0.1 percent. 


V. RESULTS 


Table I gives the pressures obtained in sample runs 
chosen as typical examples of a set of measurements for 
the individual gases and their binary mixtures. The 
whole set consisted of three runs each for helium and 


TABLE IV. The constants for expressing the compressibility of binary mixtures of helium, nitrogen, and carbon dioxide at 30°C. 
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nitrogen, two for carbon dioxide, and one each for 
eleven binary mixtures, all at 30°C and over pressure 
ranges close to those shown for the examples in Table I, 
The bomb and its valves were unchanged during the 
set, so that V should be constant throughout. Further- 
more, the same tank of each gas was used throughout 
the set. 

Figure 1 shows a plot of the pressure ratio against 
pressure for two of the helium runs. To show better 
the precision of the results obtained from these measure- 
ments, Table II presents the adjusted values and 
-standard errors calculated for V, A, B, and C for each 
of the helium and nitrogen runs by the method of 
analysis presented in this paper. It will be recalled that 
A is a filling constant and varies from run to run. 

The close agreement of the NV values is especially 
noteworthy. The analysis shows that for these six runs 
the mean value of NV is 1.467073+0.000014. This value 
of NV was forced upon the data for carbon dioxide and 
the mixtures, where fewer observed pressure values 
were obtained. 

The results for the two runs for carbon dioxide are 
given in Table III which lists the values of 8, c, and 
d of Eq. (6). The table also shows the B, C, and D 
values of Eq. (4) for this gas. This equation does not 
converge very satisfactorily and the standard errors of 
its constants are omitted. 

Table IV shows the gas-mixture results. Here the 
mole fractions were computed by Eq. (3) after the 
compressibility factors of the gas mixtures had been 








Composition 





Mixture (mole percent BxXx10+ C X106 bX<104 cX108 d X10 
(A —B) of A) (atmos™) (atmos~?) (atmos~!) (atmos~?) (atmos) 
— 43.81 —2.49 +74 
— 21.06 +1.98 
28.259 — 21.06 — 0.238 + 0.02 40.02 
50.576 — 6.496 + 1.570 
+ 0.013 + 0.017 
80.224 + 4,067 + 0.294 
+ 0.015 + 0.017 
94.828 + 4.769 + 0.099 
+ 0.022 + 0.028 
He—N2 21.608 + 2.099 + 1.505 
+ 0.016 + 0.017 
50.747 + 5.066 + 0.597 
+ 0.017 + 0.019 
80.349 + 5.590 + 0.141 
+ 0.015 + 0.016 
N2—COz 26.493 — 32.155 — 3.933 — 32.155 +1.237 
+ 0.032 +0.043 
— 21.07 +2.57 
48.291 — 21.07 + 0.347 + 0.09 40.12 
= — 11.84 +3.03 
70.670 11.84 + 2.326 > oor ber 
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determined, the pure gas compressibility factors being 
obtained by use of the mean values of the constants in 
Tables II and III. Both B and C as well as 8, c, and d 
are given, and the constants to be used in expressing 
Z best for any mixture are the ones for which the 
standard errors are included. 


VI. DISCUSSION 


Compared with the procedures employed hitherto, 
the method given here for the analytic treatment of 
Burnett data has the advantage of obtaining the values 
of V and the other constants simultaneously. It has 
been the usual practice to calibrate the apparatus by 
taking as a constant for it the value of V measured for 
a gas such as helium which has a linear pressure-ratio 
plot in the low-pressure range. This procedure is prone 
to error not only because of the possibility of changes 
in the apparatus from run to run but also because 
slight deviations from linearity in the pressure-ratio 


TABLE V. The interaction coefficients for the 
binary gas mixtures. 











Mixture Bi2X104 (atmos™) 
He—N2 + 8.454 
He—CO, + 7.609 
Ne— COz — 16.275 








plots will be present even with helium, as our results 
show by the appreciable effect of the third virial 
coefficient of that gas even at the relatively low pressures 
we have used. The method of this paper when applied 
to a large ensemble of data on a single gas at a fixed 
temperature would not force a value of V on the data, 
and provides the most satisfactory method of making 
a definitive evaluation of the equation of state of an 
individual gas from Burnett measurements. Where 
it is necessary to force a value of V on a set of data, as 
will, for example, be the case in studies of gas mixtures 
because duplication of composition will be nearly 
impossible from run to run, the method provides an 
accurate value of V for that purpose. 

The results show that there is good internal con- 
sistency in the data for the pure gases. Since complete 
removal of impurities was not attempted for these 
gases, the chief merit of the results is in their demon- 
stration of the statistical method of analyzing the data. 
To show a similar consistency in the gas-mixture data 
in order to demonstrate the successful extension of the 
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TABLE VI. Comparison of the calculated and observed values 
of the second virial coefficients of the binary gas mixtures. 








Composition 


Bm X104 (atmos~!) 





Mixture (mole percent 
(A —B) of A) Observed Calculated 
He—COz 3.517 — 43.81 — 43.72 
28.259 — 21.06 — 21.00 
50.576 — 6.496 — 6.589 
83.224 + 4.067 + 4.080 
94.828 + 4.769 + 4.894 
21.608 + 2.099 + 2.055 
He—N:2 50.747 + 5.066 + 5.043 
80.349 + 5.590 + 5.674 
26.493 — 32.155 — 32.136 
N2—CO2 70.670 — 21.07 — 21.23 
48.291 — 11.84 — 11.67 








Burnett experiment to gas mixtures, we may use the 
Lennard-Jones and Cook‘ relationship for Bn, the 
second virial coefficient of a mixture, in terms of By 
and By, the second virial coefficients of the pure 
constituents, x; and x2, their mole fractions in the 
mixture, and Bj, their interaction coefficient : 


B= ByxPt+ 2%1%2B 2+ Boox??. (7) 


Table V gives the least-squares best values of Bip 
calculated by this relationship for the three binary 
mixtures, using the B,, values of Table IV and the 
mean values of the pure gas second virial coefficients 
listed in Tables II and ITI. 

The consistency of the data is then shown in Table 
VI by a comparison of the values of B,, observed for 
the individual mixtures and the values calculated for 
them by Eq. (7) with use of the Biz values in Table V. 
Finally, the value of By. for the N2-COz2 system is in 
good agreement with the value, — 16.32(+0.08) X10, 
determined by Gorski and Miller® in this Laboratory 
by a different method but at the same temperature and 
with gases of purity closely similar to those used here. 

It is a pleasure to acknowledge the advice and 
assistance of Dr. Serge Gratch and Mrs. Eleanor 
S. Pfefferle. The authors are also indebted to the 
Bureau of Ships and the Office of Naval Research for 
support of this work. 


4J. E. Lennard-Jones and W. R. Cook, Proc. Roy. Soc. 
(London) 115A, 334 (1927). 
5 3) A. Gorski and J. G. Miller, J. Am. Chem. Soc. 75, 550 
1953). 
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Electron Interaction in Hydrocarbon Multiple Ions 
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The relative ground-state electronic energies of singly and doubly-charged negative ions of unsaturated 
hydrocarbons are discussed in terms of systematically-approximated self-consistent molecular orbital theory. 
It is concluded that in the gas phase and in solution, R~ ions will be stable by several ev to disproportionation 
into R and R™, which accords well with the recent paramagnetic resonance measurements of Lipkin et al. 
Further implications relevant to the solution chemistry of these ions are briefly discussed. 





1. INTRODUCTION 


HE properties of positive and negative ions of 

unsaturated hydrocarbons are of considerable 
theoretical interest. Recent work,!? based on self- 
consistent molecular orbital theory, has shown how 
the ground-state energies of R*+ and R- ions, where R 
is a hydrocarbon of the above type, can be calculated 
and in particular has led to predictions of the variations 
in first ionization potential J and electron affinity A 
which agree reasonably well with the available experi- 
mental data. Multiple ions of such types as R** and 
R= have not, however, yet been considered. Hypo- 
thetical ions of the first type (R*+*) will have at most a 
marginal stability, and are thus of little immediate 
interest; negative ions of the kind R-, on the other 
hand, have been suggested as intermediates in reactions 
involving electron transfer to hydrocarbon molecules,*~* 
either from alkali-metal atoms in aprotic solvents or 
from the conduction bands of metallic electrodes.®? 
A difficulty often encountered in the experimental work 
is that of deciding whether electron addition yields a 
singly-charged R- or a doubly-charged R= ion, which 
will be partly determined by the stability of the 
multiple ion relative to the mono-ion and the hydro- 
carbon. This is the problem we shall take up here; an 
expression for the z-electron energy of the multiple 
ion with respect to that of the mono-ion will first be 
derived, which in conjunction with previously cal- 
culated energies of the ground-state of the mono-ion 
relative to R, leads to a theoretical value for the energy 
change AE accompanying the disproportionation: 


2R—R-+R. 


2. APPROXIMATION TO SELF-CONSISTENT 
CALCULATION 


The properties of the N-electron assembly in the 
hydrocarbon will be discussed in terms of a single- 


1J. A. Pople, Trans. Faraday Soc. 49, 1375 (1953). 

2N. S. Hush and J. A. Pople, Trans. Faraday Soc. (to be 
published). 

3 See C. B. Wooster, Chem. Revs. 11, 1 (1932). 

4H. E. Bent, J. Am. Chem. Soc. 52, 1498 (1930) and subsequent 

apers. 
, PH. E. Bent and N. B. Keevil, J. Am. Chem. Soc. 60, 193 (1938). 

¢H. A. Laitenen and S. Wawzonek, J. Am. Chem. Soc. 64, 
1765 (1942). 

7G. I. Hoitjink and J. Van Schooten, Rec. trav. chim. 72, 
691 (1953). 
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configuration antisymmetrized wave function ®, 


$(1)a(1) $(1)B(1) (2)a(1) «++, 
$(1)a(2) $(1)8(2) $(2)a(2) ---| 


8,=1//N! [PMe3) o(08(3) o@)a(3) ae 





(1) 
where the ¢(1)---¢(V) are (space) molecular orbital 
functions. For the evaluation of ground-state energies 
of conjugated molecules, it is sufficient to approximate 
to a self-consistent set of ¢’s by expressing them as an 
appropriate linear combination of atomic 2/7 orbitals 


Xu» 
¢o(1)=y CiuXu- (2) 


The energy levels E; of R are then given by solution of 
the equations 
| Fxvo— ES,| =0 (3) 


when S,, is the overlap integral for the atomic orbitals 
x, and x, and, as shown by Pople,' the matrix elements 
F,, are 


Fw Hy + 2DE Catia (ud|G|v0)—HU|G|or)}, (8 
where i 
w= [ x(-3V-EZ Veeder 6) 
and , 


(ud |G| vo) = f f Xu(1)Xa(2) (1/r12)x»(1)x0(2)dridre. (6) 
The term H,, is formally expressed as 
Hyy= (ul -2V7—Vi|w)— X (uo |G uo) 
otm 
— > (e:uu)— & Azax) (1) 
oFp A+p 
=Um— XL (uo|G\uo), (8 
op 


where U,,, is assumed constant from one hydrocarbon 
to another. The last two terms on the right-hand side 
of (7) sum the penetration integrals* for AO’s x, and 


8R. G. Parr and B. L. Crawford, Jr., J. Chem. Phys. 16, 52 
(1948). 
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atoms o and X, where o and X are, respectively, charged 
and uncharged in the molecular framework. 

Where the hydrocarbons are all alternant, these 
equations can be systematically approximated, and 
in this form! lead to reasonable agreement with 
experiment for the ground-state energies of hydrocarbon 
molecules and ions. The approximation scheme* has 
been described in detail by Pople,! to whom the 
development of the method is due, and need not be 
discussed here; in subsequent expressions, matrix 
elements will be written directly in the approximate 
form, only alternate structures being considered. 


3. IONIZATION POTENTIAL OF AN R~ ION 


The ionization potential A’ of an alternant R= ion 
can be expressed as 


—A’l=)) Cantu Cans», (9) 

py 
where the matrix elements F,,~ are now those appro- 
priate to an assembly of N+2 electrons. It follows 
immediately that A’ can also be expressed in terms of 
the matrix elements F,, of the neutral hydrocarbon as 


Pies OF 1 Pa a 4 . 
a = Uy tsb + ¥ Cansiul Cant) 


Bey 
+X Cans nwCan+nrg. (10) 


py 


This is more usefully written as the difference 
A —A!l=P0 Orne new, (11) 
py 


where A is the first electron affinity of R. 

The quantity A—A’ is evidently the required change 
of electronic energy in the disproportionation 2R-—R= 
+R, and at this level of approximation is equal to the 
electrostatic repulsion of the pair of electrons in the 
antibonding orbital @q@n41. This simple result is 
obtained only when the overlap of electron distributions 
of different orbitals is neglected [assumption (iii), 
teference* | but is nevertheless adequate to the present 
purpose. The quantity A has been discussed previously,” 
and attention will be focused here on the difference 
A-A’, 

4. INTERACTION TERMS FOR VARIOUS 
HYDROCARBON STRUCTURES 


The repulsion energy 


R=A—A’=>" Bivscive f f x(x 
X (1/ri2)Xu(1)x»(2)dridre (12) 


* The principal features (see reference 1) are: (i) the potentials 
due to all o electrons associated with nucleus a, are included in 
Va(r), (ii) the overlap integral Sy» is unity when u=y and zero 
otherwise, (iii) the two-electron integral (uo|G|Av) vanishes 
unless x= and o=». Hiickel orbitals are used as starting func- 
tions; in practice, the energy calculations are not taken beyond 
the first approximation to the self-consistent values. These 
assumptions are substantially the same as those made by Pariser 
and Parr in their recent work [R. Pariser and R. G. Parr, J. Chem. 
Phys. 21, 466 (1953) and reference 9]. 


TABLE I. Atomic interaction integrals (ev). Repulsion integrals 
over atomic 2fzC orbitals calculated by the method of Pariser 
and Parr. Values (b), taken from Table II of reference 9, were 
calculated using the valence-state data of Mulliken (reference 10) 
Values (a) are obtained when the more recent estimates (see 
reference 11) of Skinner and Pritchard are employed. 











r(in A) a ” b 
0 11.08 10.53 
1.35 7.56 7.38 
1.39 7.47 7.30 
1.46 7.32 7.16 
2.41 5.49 5.46 
2.48 5.37 5.35 
2.78 4.91 4.90 
2.97 4.65 4.65 
3.72 3.75 3.75 











is easily evaluated when the values of individual 
integrals over atomic orbitals are known. In accordance 
with earlier procedure,’ the é,, for internuclear distances 
up to and including 2.78 A are calculated by the 
semiempirical method of Pariser and Parr? which 
makes allowance—at least in first approximation—for 
energy terms arising from polarization of the o electrons 
by ensuring that the mononuclear integral gives the 
correct energy to the atomic electron transfer process 
2C—Ct+C~—. The values so calculated by these authors 
are based on Mulliken’s estimates” of atomic valence- 
state ionization potentials and electron affinities; new 
values!" of these quantities have recently become 
available, and in Table I the &,, corresponding to the 
improved atomic data are compared with the earlier 
ones. The two-center integrals are slightly upgraded, 
and & increases by 0.55 ev. A defect of both sets of 
values is that no allowance is made for variation in £ 
with the bonding environment of the nuclei, although 
this is probably appreciable. Such variations will come 
about principally through changes in the effective 
charge Z’ of the nuclei in the field of which the r 
electrons move. For Slater orbitals, the theoretical 
value of 0&,,/0Z’ is 5.32 ev, and the corresponding 
empirical quantity, equating £, to the valence-state 
difference (J—A), is (averaged over the data for 
first-row atoms), ca 3.33 ev. 

The repulsion integrals are thus fairly sensitive to 
small changes in Z’; in particular, a slight lowering of 
Z', such as probably accompanies o bonding of H, 
would tend to reduce &,,, so that the values (b) of 
Table I may in fact be rather closer approximations 
than (a). Pending more detailed calculations, it seems 
best for the present to maintain uniformity with 
previous work and use the original estimates (b) of £u» 
for fec<2.78 A. At larger separations, the integrals 
are approximated with sufficient accuracy! as classical 


9R. Pariser and R. G. Parr, J. Chem. Phys. 21, 767 (1953). 

10 R. S. Mulliken, J. Chem. Phys. 2, 782 (1934). 

1H. A. Skinner and H. O. Pritchard, Trans. Faraday Soc. 49, 
1254 (1953). 
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TABLE II. Electron repulsion in antibonding orbital of R= ions (ev). 











Hydrocarbon R 
ethylene 8.90 
trans-butadiene 7.00 
benzene 7.03 
naphthalene 5.64 
trans-stilbene 5.51 
phenanthrene 5.17 
anthracene 5.10 
1:4-diphenylbutadiene 4.82 
tetraphenylethylene 4.76 








electrostatic point charge repulsionst; the procedure is 
thus identical with that of reference 2. Nearest carbon- 
carbon bond distances and angles have been set equal 
to those in benzene for all molecules. 

Values of the energy difference A—A’ calculated in 
this way, using Hiickel orbitals, are shown in Table II 
for a number of hydrocarbon structures. The use of 
set (a) of the &, (Table I) would yield values about 
5 percent higher. 

Restriction of the calculations to single-configuration 
wave functions may appear a somewhat severe approxi- 
mation, when incompletely-filled orbitals may be 
present, but there is reason to believe that the ground- 
state energies of the ions will be predicted with about 
as much success by this method as will those of the 
neutral molecules. The effect of including configuration 
interaction on the energies of the simplest ions—those 
derived from C:H,s—is shown in Fig. 1. For greater 
precision, the values of Hi: and &2 appropriate’ to 
the C—C separation in ethylene (1.35 A) are employed 
(—2.92 and 7.38 ev, respectively); and the average 
value for the parameter U}, of reference 2 (—9.50 ev) 
has been used to obtain absolute values of J, A, and 
A’. The effect of mixing of configurations in this case 
is seen to be slight, the quantity (A—A’) being 
decreased by only 0.21 ev below the single-configuration 
value. Although much more interaction has to be 
considered in more complex molecules, some recent 
calculations by Chalvet!? suggest that here also the 
final results for relative ground-state energies of ions 
will not be greatly affected by it. 


5. DISCUSSION: EQUILIBRIA IN SOLUTION 


The repulsion terms R are large, of the order of 
4-7 ev, so that there will evidently be little tendency 
for free R~ ions, once formed, to disproportionate; 
although the magnitude of R decreases generally with 
increase in molecular size, it is unlikely to be much 
less than ca 3.5 ev for most common aromatics. In 
solution, the position is modified by solvation of the 
charged species, and the dielectric charging effect will 


t Le., f4u»(r>2.78 A) is set equal to e*r, as in references 1 and 2- 
The value calculated in this way for r=3.72 A is 3.87ev, which is 
close to the “uniformly-charged sphere” value [R. Pariser and 
R. G. Parr, J. Chem. Phys. 21, 466 (1953)] of 3.75 ev for the 
same internuclear distance. 

20, Chalvet, thesis, Paris, 1954, p. 32. 
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tend to favor the disproportionation reaction. The effect 
of this will be roughly estimated. The solvation energy 
© of an ion R~ can be regarded as being made up of two 


terms, 
S=Got S’, 


where © is the energy of cavity formation™ in the 
solvent by the uncharged molecule, and ©’ is the 
electrical term arising from interaction of the r- 
electronic charge of the ion with the dielectric. We are 
concerned generally with large ions, so that is permis- 
sible for the present purpose to regard an ion R- as 
being composed of an assembly of small point charges. 
Since the individual electron densities are small 
fractions of the electronic charge, solvent-ion interaction 
will not lead to dielectric saturation in the primary 
solvation sheath of large ions. (This is probably not 
true for the smallest species but will be nearly true for 
all aromatics.) To this approximation, only the dielec- 
tric charging effect needs to be taken into account in 
estimating ©’, and this can be expressed as: 

N2q? 


25 


for a solvent of dielectric D, where the summation is 
carried out over all point charges q; and ¢ is an effective 
interaction radius for an atomic center. For solution in 
water at 20°, taking the mean value" of ¢ to be 1.0 A, 
we obtain values in the region <1 ev for aromatic R- 
ions; specifically, G’ for the singly charged ions of 





Sar (1—1/D) (17) 
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Fic. 1. Effect of configuration interaction on relative ground- 
state energies of C2H, (C) ions. Levels (a) calculated without C/, 
levels (b) include CJ. Zero of energy scale is the [ ](ru)? ‘Aw 
configuration. 


187. M. Barclay and J. A. V. Butler, Trans. Faraday Soc. 44, 
1448 (1938). 

4 The procedure of A. G. Evans, Trans. Faraday Soc. 42, 719 
(1946), has been followed in estimating the solvation terms. 
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ELECTRON INTERACTION 
napthalene, stilbene, anthracene, 1:4-diphenylbuta- 
diene, and tetraphenylethylene is estimated as 1.1, 0.9, 
0.8, 0.6 ev, respectively, assuming the Hiickel distribu- 
tion in these ions. For the smallest molecule, benzene, 
G’ is somewhat higher (1.8 ev). 

The solvation terms for R= ions can be estimated in 
the same way; in the over-all disproportionation 
equilibrium, the @po terms cancel, and the energy change 
AE accompanying the disproportionation reaction 
2R- —R-+ R= in aqueous solution for the hydrocarbons 
of Table I are computed to be as listed in Table III. 

It is clear that although solvation assists the dispro- 
portionation process, the endothermicity is still of 
the order of several ev, so that R- ions will be stable 
to this reaction in polar solvents. In solvents of lower 
dielectric constant, the value of AE will be intermediate 
between that for solution in water and the gas-phase 
values of Table II, so that the same conclusion applies. 
This is in accordance with the paramagnetic resonance 
measurements of Lipkin ef a/.,!° which show that the 
initial product of reaction of sodium with hydrocarbons 
napthalene, anthracene, 1:2-benzathracene, and 20- 
methylcholanthrene in tetrahydrofuran or 1:2-dimeth- 
oxyethane is the mono-ion R-, the ions having no 
measurable tendency to disproportionate. 

An interesting feature of the series of Table III is 
that—with the exception of the smallest olefinic 
molecules—the effect of the solvent is to smooth out 
differences in disproportionation energy. For ll 
aromatic molecules in this list, AE is practically 
constant at 3.5+0.2 ev. For the free ions, however, 
the data of Table II show a marked decrease of AE as 
the molecule becomes more complex. In nonpolar 
solvents, the order of stability will be intermediate 
between the two sets, so that in ether solution, for 
example, we will expect a similar increase in relative 
stability of the R= ion with increasing complexity of 
r-electron structure to that predicted for the free ions, 
although to a somewhat less marked extent. 

Table II shows that complete phenylation of ethylene 
brings about a particularly striking decrease in the 
instability of the R= ion, and it is interesting to note 
that there is evidence for the separate existence of the 
di-ion of tetraphenylethylene in ethereal solution from 
the conductivity measurements of Bent and Keevil,' 
presumably produced by ionization of the disodium 
salt. The division between hydrocarbons which undergo 
“dimerizing addition” with excess of a given alkali 
metal and those which undergo simple addition of two 
atoms of the metal (see Wooster*) can be understood 
in general terms in the same wayt; a difference of 
mechanism will appear when the endothermicity of 
addition of a second electron to the hydrocarbon is 





assim Paul, Townsend, and Weissman, Science 117, 534 
53). 


_ } This obviously does not apply to the special case of reactions 
in metal-ammonia solutions, where the kinetics will be different 
Owing to the presence of trapped electrons in the solvent. 
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TABLE III. Energy of disproportionation of R- 
in aqueous solution (ev). 
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Hydrocarbon 





ethylene 
trans-butadiene 

benzene 

napthalene 
trans-stilbene 

phenanthrene 

anthracene 

1:4-diphenylbutadiene 

tetraphenylethylene 
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lowered sufficiently for this reaction to take place at a 
rate such that it can successfully compete with the 
“dimerizing addition” reaction for the RM ion pair. 
Thus mono-arylated ethylenes undergo ‘“dimerizing 
addition,” whereas with increasing arylation the over-all 
mechanism becomes of the second kind, which is in 
general accord with the theoretical order of stability.§ 

In the particular case of tetraphenylethylene, it 
should be remarked that owing to steric requirements, 
the actual electron distribution in ions of this hydro- 
carbon will lie somewhere between the values calculated 
for the flat molecule and those calculated for /rans- 
stilbene. This is supported by measurements'® of the 
kinetics of the electron transfer process 


R+e—-R- 
at a mercury electrode for the two hydrocarbons. 


6. CONCLUSION 


The general conclusions to be drawn are that singly 
charged negative ions of unsaturated hydrocarbons 
will always be stable to disproportionation into the 
hydrocarbon and the double negative ion, either in the 
gas phase or in solution, the energy difference generally 
being at least 3 ev, and that the ease of conversion of 
monosodium complexes of the hydrocarbons into the 
disodium salts in solvents of low polarity will, in general, 
increase with increasing complexity of the hydrocarbon, 
the phenylated ethylenes and polyenes being markedly 
favored in this respect. The importance of these 
conclusions for interpretation of kinetics of electrode 
processes involving unsaturated hydrocarbons will be 
discussed in a subsequent paper. 

We are indebted to Professor R. S. Mulliken, 
University of Chicago, for a stimulating discussion of 
this topic, and to Mr. F. Sumner, Manchester Univer- 
sity, for providing some of the Hiickel coefficients used 
in constructing the tables; the award of a D.S.LR. 
grant to one of us (J.B.) is acknowledged. 


§ The gradation of disproportionation energy differences over 
a series of hydrocarbon structures will be expected to follow 
approximately the same qualitative order both for processes 
involving only the free ions R~ and R™ and for those involving the 
neutral species RM and RM», where M* is an alkali-metal cation. 
16 J. Blackledge and N. S. Hush (to be published). 
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The relation between self-diffusion coefficient and viscosity is examined in terms of the early hydrodynamic 
theory and Eyring’s kinetic theory. They differ by a factor of about 6. A detailed consideration of the 
kinetic theory shows that this factor should have been included in Eyring’s derivation of viscosity if a 
proper meaning is given to the relative velocity involved. 





INTRODUCTION 


HE early hydrodynamic theory of Sutherland- 

Einstein derived on the basis of osmotic theory 

and Stokes’ formula gives the relation between the 

diffusion coefficient of the solute and the viscosity of 
the solvent as! 


Dn 1 1+3n/6a 


ee a ae ? (1) 
kT 6mra 1+2n/Ba 


where D is the diffusion coefficient of the solute, 7 the 
viscosity of the solvent, k the Boltzmann constant, T 
the absolute temperature, a the radius of the diffusing 
molecules, and @ the coefficient of sliding friction which 
depends on the size of the diffusing molecules. Since 
8 has meaning only for values between zero and in- 
finity, Eq. (1) has the following two extreme cases: 


Dn 1 
—=—— when £=0, (2) 
kT 4a 

and 
Dn 1 
—=— when B=~. (3) 
kT 6ra 


For large molecules of solute, the slipping is probably 
small and Eq. (3) has been found applicable in many 
instances. For diffusing molecules slightly larger than 
or approximately equal to the solvent molecules, Eq. 
(2) seems to hold fairly well as evidenced by the data 
of Herzog, Illig, and Kudar,? Cohen and Bruin,’ 
Sutherland,! etc., in various mixtures. For diffusing 
molecules smaller than solvent molecules, factor 4 in 
Eq. (2) has to be replaced by a still smaller factor as 
indicated by Lamm’s measurement on the diffusion 
of water in glycerol. Therefore, it seems reasonable 
to say that, within a factor which depends on the rela- 
tive sizes of diffusing and solvent molecules, the hydro- 
dynamic equation of Stokes-Einstein is fairly satis- 
factory. Writing 2a as (V/N)!, Eq. (2) can be put into 


1G. B. B. M. Sutherland, Phil. Mag. 9, 781 (1905). 
( 2 Herzog, Illig, and Kudar, Z. physik. Chem. A167, 329, 343 
1933). 

3 E. Cohen and H. R. Bruins, Z. physik. Chem. 103, 404 (1923). 
938) Lamm and G. Sjostedt, Trans. Faraday Soc. 34, 1158 
1938). 


the following form for self diffusion: 


Dn 1/N\3 

kT 2n\V 
where V is the Avogadro number and V the molar 
volume of the liquid. It is seen from Table I that Eq. 
(4) agrees with most of the experimental data. 

Among the modern kinetic theories of diffusion in 

liquids, Eyring’s theory® is most frequently used. 
According to Eyring, if the mechanism of activation in 
diffusion can be assumed identical with that of viscous 


flow, the relation between the self-diffusion coefficient 
and viscosity in liquids is given by 


Dn Ai ( 
kT ods 


on 
— 


where ), is the distance between two adjacent layers 
and d» and A; are the distances between two neighboring 
molecules in the moving layer perpendicular to and in 
the direction of motion, respectively. Since it is reason- 
able to put the d’s as the average intermolecular dis- 
tances, Eq. (5) reduces to 


Dn Nv} 
om (-) | 0 
kT \V 
Equation (6) differs from Eq. (4) by a factor of 2r. 
The fairly constant factor for a number of distinctly 
different liquids suggests that this deviation may be 
due to the neglect of some factor in Eyring’s derivation 
of Eq. (5). The difficulty is probably in the 7, since the 
calculated value of viscosity from Eyring’s equation is 
smaller than the experimental value by a similar factor.’ 


It is the purpose of this work to consider the problem 
in detail and to find the cause for deviation. 


EQUILIBRIUM CONSIDERATION 


If the driving force for diffusion is balanced by 4 
uniform potential field, I calories/mole-cm, applied to 


5 Glasstone, Laidler, and Eyring, The Theory of Rate Processes 
(McGraw-Hill Book Company, Inc., New York, 1941), Chapter 
xX 


IX. 
6 Stearn, Irish, and Eyring, J. Phys. Chem. 44, 981 (1940). 
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TABLE I. Experimental data 











Temp. Dn - N\t 
Liquids Tracer oC pr *1° . 4 a(t r) Reference 

Water D.O 0-55 4.67 18.0 6.9 a 

H.0'8 0-55 5.97 18.0 5.4 b,e 

HTO 5-45 5.28 18.0 6.1 e 

HDO 10-55 5.30 18.0 6.1 ¢ 
Benzene C.H;D 15-45 3.04 89.2 6.2 d 
Bromoethane C.H,DBr 15-30 3.54 75.2 5.6 d 
Methy] alco. CH;0D 15-35 3.02 40.6 8.1 e 
Ethyl alco. C.H;OD 15-35 2.60 58.6 8.3 ° 
n-propy] alco. C;H;OD 15-45 3.05 75.0 6.5 ° 
iso-propy] alco. C;H;OD 15-45 3.12 76.8 6.4 e 
n-butyl alco. C,H,OD 25-45 3.07 91.8 6.1 ° 
t-butyl alco. C,H,OD 35-45 2.87 94.7 6.5 ° 
Mercury Hg 3-91 6.60 15.3 A f 
Lead Pb22 343 8.24 19.4 3.8 & 
Sulfur $3 123-139 2.93 143.6 5.5 h,i 
CCl, CCI;Cl** 25-45 3.16 98.4 5.8 i 








8 J. H. Wang, J. Am. Chem. Soc. 73, 510 (1951). 
bJ. H. Wang, J. Am. Chem. Soc. 73, 4181 (1951). 
¢ Wang, Robinson, and Edelman, J. ‘Am. Chem. Soc. 75, 466 (1953). 


4K, Graupner and E. R. S. Winter, J. Chem. Soc. (London) I, 1145 (1952). 


e Partington, Hudson, and Bagnall, Nature 169, 583 (1952). 

{R. E. Hoffman, J. Chem. Phys. 20, 1567 (1952). 

«J. Groh and G. V. Hevesy, Ann. Physik. 63, 85 (1920). 

bR, L. Saxton and H. G. Drickamer, J. Chem. Phys. 21, 1362 (1953). 
iR. F. Bacon and R. Fanelli, J. Am. Chem. Soc. 65, 639 (1943). 

i Watts, Alder, and Hildebrand (to be published). 


the diffusing molecules only, the value of I’ required is 


OF\ dc 
r=(—) = (7 

0c / 7 dx 
where F is the partial molar free energy, c the con- 
centration of the diffusing molecules, and x the dis- 
tance along the direction of I. Let u be the average 


velocity of a molecule under the action of a force '/N 
alone. By Fick’s law, one obtains 


uc= D(dc/dx). (8) 


If I’ is the shearing force between two layers of mole- 
cules over the area of V molecules, the relative velocity 
of one of the layers with respect to the other is, accord- 
ing to the definition of viscosity, 


I’1s/N\} 
u’ -—-(-) (9) 
n N\V 


Combining Eqs. (7), (8), and (9) and simplifying to the 
case of self-diffusion, one obtains 


Dn aan ~). 
u'T 
It is seen that unless u/[f=w'/T’, Eq. (10) will not 
agree with Eq. (6). 


(10) 


KINETIC THEORY OF VISCOUS FLOW 
According to Eyring’s theory, the average number of 
Jumps per molecule per second in any direction without 
the influence of any external potential is 


kT 
ait exp(—AF?*/kT), (11) 


where h is Planck’s constant and AF! the free energy 
of activation. Under the action of an external force 
(not shearing force) of '/N per molecule, the number of 
jumps forward (along the direction of force) exceeds 
that of those backward by anumber of k’T'/NAT, and, 
therefore, the average velocity u of a molecule is this 
number times the average distance per jump A: 
kT 
4u=—. (12) 
NkT 


If all the neighbors are fixed, this is the average ve- 
locity of the molecule relative to the fixed lattice. Since 
this is not the situation in a liquid, the question of the 
nature of this velocity arises. Since the jump of the 
moving molecule from one equilibrium position to the 
next is equivalent to the passage of the system over a 
potential barrier caused by the presence of the neigh- 
boring molecules, the average velocity u given by Eq. 
(12) can be considered as the relative velocity with 
respect to the neighboring molecules. In other words, 
even when there is no external force applied, the mole- 
cule will not stay if the neighboring molecules are 
moving, and it is the relative motion between the 
molecule and the neighbors which is caused by the 
external force. It will be seen that this simple considera- 
tion will enable Eyring’s theory to agree better with the 
experimental facts, and it is essentially the cause for 
deviation of the factor 6 mentioned before. 

First let us consider the process of diffusion. As has 
been shown, the rate of diffusion can be expressed in 
terms of the average velocity of the diffusion molecule 
as if there were a force T'/N given by Eq. (7) being 
applied to the molecule causing it to move. The average 
velocity of the molecule relative to the neighbors is 
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then given by Eq. (12). If the number of diffusing 
molecules is very small compared to the total number of 
liquid molecules, as is usually the case, the nondiffusing 
molecules can be considered as having no average 
velocity in any direction. Therefore the velocity given 
by Eq. (12) is actually the rate of diffusion. 

The case of viscous flow is, however, entirely different 
because now every molecule is moving with respect to 
the moving neighbors. Furthermore, the relative ve- 
locity between two adjacent layers is different from the 
relative velocity with respect to the neighbors. To 
evaluate the former relative velocity, let us consider a 
number of layers of liquid molecules. To every molecule 
in the yth layer a force f, is applied in the x-direction 
(parallel to the tangent plane to the surface of the 
layer). Since the layers are supposed to be very wide 
compared to the size of the molecules, each molecule 
can be assumed to be in an identical situation as any 
other in the same layer, and, therefore, the velocity of 
any layer is also the average velocity of any molecule 
in that layer. For the very general case, f, may be 
either positive or negative and may be a continuous or 
discontinuous function of y. After steady flow is estab- 
lished, let v, be the velocity of the yth layer relative 
to any fixed frame of reference. The force f, applied to 
each molecule in the yth layer will cause that molecule 
to have an average velocity k’f,\/kT as given by Eq. 
(12) relative to the neighbors. As a first-order approxi- 
mation, the neighbors will be regarded as the closest 
neighbors and the average velocity of the neighbors be 
the arithmetic mean of the velocities of all the closest 
neighbors. Let the number of all the closest neighbors 
in all directions be o, and that in one layer be r. Then 
for the yth layer, 














1 o—T o—T k’ fyd 
| ray = rr Vy— |- (13) 
o 
¥s k' fy 
y 
(Dy—%y-1) — (Yy41— Vy) = . (14) 
o—T 


Let the shearing force over an area of NV molecules 
exerted on the yth layer by the (y—1)th layer be 


IT’ ,-1,y, then 
PM yp, yl’ yt, y+ fyW =0 (15) 
1” y,y—1 y+, v=fyN. (16) 


Although we do not know the relation between I’’y, y-1 
and vy—2y-1, we do know at least that one is a con- 
tinuous function of the other. Combining Eqs. (14) 
and (16), we find 


(Dy—Vy-1) — (yp — Vy) 
20 kd 


= ——[T” —T (17 
o—7t NET L yy—l ‘yt y J). ) 


or 
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Since 2,41, Yy, and vy; can have any values, Eq. (17) 
is also valid in the following form: 


2a kd 
——dI’ = du’, (18) 
o—7 NkT 





where w’ is the relative velocity between any two ad- 

jacent layers where the shearing force over the area of 

N molecules is I’. The boundary condition of Eq. (18) 
is u’=0, I’=0. Therefore, 

20 kT’ 

o—7 NRT 








u'= 


(19) 


The law of viscous flow, namely, that the shearing 
stress is proportional to the velocity gradient can thus 
be derived from Eyring’s theory as he did before in a 
different manner.° 

Introducing Eqs. (12) and (19) into Eq. (10), we find 


Dy o— "=""("). (00) 


Equation (20) agrees with Eq. (4) if 20/a—r is about 
2x; that is, when the structure in the liquid is the 
simple cubical packing of molecules which means o=6 
and r=4. 





EXPERIMENTAL DATA 


Examination of all the available self-diffusion data 
listed in Table I shows that in order to get agreement 
most liquids have an approximate cubical packing 
structure, namely, two neighbors in each direction. 
Liquid metals such as lead must be presumed to have 
a closely packed structure of spheres, which give o=12 
and r=6; therefore, 2¢/o—7=4. It is seen also that 
methyl alcohol and ethyl alcohol are different from 
their higher homologs. A detailed examination for the 
variation of 2¢/o—r for different liquids is not profitable 
since the true self-diffusion coefficient can not be ob- 
tained as accurately as desired with the present isotopic 
technique. Furthermore, the present modification of 
Eyring’s theory of viscosity still uses the same model of 
liquid and the layerwise picture of viscous flow, both 
of which are probably only close approximations to 
the true situation. 
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The paramagnetic resonance spectra of HO and D,O ice 
irradiated at 77°K have been examined. The absorbing species 
have been identified as H and OH (or D and OD), a significant 
result for the radiation chemistry of aqueous solutions. The yield 
of radical pairs/100 ev is about 0.14. The hyperfine splittings of 
the H doublet and D triplet area factor of 16 less than are observed 


in the gas phase. This result is attributed to the effect of the 
solid on the electronic state of the H or D atoms. The spectra 
of H,O2 in H2O and D,O: in DO irradiated at 77°K support the 
identification of OH (or OD) absorption. In annealing experiments 
the H and OH disappear near 115°K. Results on solid ammonia 
and solid formic acid irradiated at 77°K are also described. 





INTRODUCTION 


OR some years radiation chemists have accepted 
the hypothesis that H and OH are reactive species 
produced in water subjected to ionizing radiations. 
Considerable indirect evidence has been accumulated 
in support of this postulate,! but no direct identification 
of these species in irradiated water has been possible up 
to the present because of their short lifetimes. However, 
it occurred to us that in ice at sufficiently low tempera- 
tures these radicals or others if formed might be stable 
and could be detected by the sensitive method of 
paramagnetic resonance absorption. This hope has 
recently been confirmed.” Further, since thermolumines- 
cence has been found in irradiated ice,’ we hoped to 
identify the trapped electrons responsible. 


EXPERIMENTAL 
Materials 


High-purity triply distilled HO and D:O (99.6 
percent D) were obtained from Hart* of this labora- 
tory. The organic content of these materials is less 
than 10-® molar, and the inorganic impurities are less 
than 5X10-7 molar. Matheson Company formic acid 
(98-100 percent) was distilled (at 200 mm and 59°C) 
through a 30-plate column at 5 percent take-off 
(np* 1.3716). Anhydrous ammonia was obtained from 
Ohio Chemical and Surgical Equipment Company. 
Hydrogen peroxide (90 percent) from Buffalo Electro- 
chemical was not further purified. 


Preparation of Samples 


Ice samples were prepared as follows: The Pyrex 
apparatus of Fig. 1 was sealed to a vacuum line at A 
with 5-10 cc of triply distilled water in Bz, and the 
water was thoroughly degassed by pumping on it 
while it was frozen with dry ice. The water was thawed 
5 times between pumpings. During pumping the 
apparatus of Fig. 1 was separated from the pumps by a 
liquid nitrogen-cooled trap and a tube containing gold 

'F. S. Dainton, Brit. J. Radiol. 24, 428 (1951) has reviewed 
some of the evidence. 

* Smaller, Yasaitis, and Matheson, Phys. Rev. 94, 202 (1954). 

*L. I. Grossweiner and M. S. Matheson, J. Chem. Phys. 


22, 1514 (1954). 
‘E. J. Hart, J. Am. Chem. Soc. 73, 69 (1951). 





foil to trap out oil and mercury. The sample was 
sealed off at A when a pressure of ca 5X10-° mm was 
attained with Bz; at —78°C. Next, liquid to a depth of 
12 cm was poured into each tube 7 and these were 
sealed off at B while the liquid was frozen by dry ice 
or liquid nitrogen. The tubes were thawed, placed inside 
slightly larger glass test tubes, and lowered into acetone 
at —15 to —25°C so as to freeze at a rate of 12 cm in 
90 minutes. Clear transparent ice, usually without 
cracks, resulted. The tubes were stored at —25°C. 
This healed any cracks. 

When ice was to be irradiated, a tube of ice was cut 
into lengths in a cold box at —20°C. After warming 
the lengths of Pyrex tube with a rubber gloved hand, 
the ice cylinders could be pushed out of the tubes to 
give samples only about 0.1 mm less in diameter 
than the i.d. of the Pyrex tube. These samples were 
put in 7.5 mm i.d. Pyrex test tubes which were then 
suspended in liquid nitrogen for irradiation. 

Samples of solid formic acid and of ice containing 
sodium chloride were prepared as described above, 
except that the formic acid was frozen at 0°C. Ammonia 
was dried with sodium’ and distilled in a vacuum line 
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Fic. 1. Apparatus for ist 
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of water. 
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5 R. T. Sanderson, Vacuum Manipulation of Volatile Compounds, 
(John Wiley and Sons, Inc., New York, 1948), p. 97. 
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LOCATION OF 
SAMPLE 
Fic. 2. Quarter-wave coaxial line oscillator-detector circuit. 


directly into the tubes in which it was to be frozen 
The ammonia was frozen and stored in dry ice. The 
samples were removed from the tubes by working 
quickly at room temperature, cutting the tubes and 
pushing the solid ammonia into liquid nitrogen. 

The 4.44 molar H2O2 (aq) tubes were frozen 4 mm 
per minute at —30°C and stored in dry ice, as the 
solution was partially liquid at —25°C. Samples were 
prepared by working rapidly in a cold box at —25°C. 
The dilute peroxide samples were similarly prepared 
except for four hours storage at —25°C just before 
the tubes were opened. The peroxide solutions could 
not be thoroughly degassed because of continuing 
slow decomposition, and the frozen samples were 
always cloudy. 


Resonance Detection Equipment 


The detection equipment centered around a quarter- 
wave coaxial line oscillator-detector whose circuit is 
shown in Fig. 2. The output was fed to a high-gain 
narrow-band intermediate-frequency amplifier using a 
dual-field modulation scheme previously described.° 
For recording results, a conventional low-frequency 
lock-in amplifier was added with recorder output, 
converting the oscillator resonance absorption signal 
into roughly its second derivative. The variable 
capacitor regeneration control of the oscillator was 
found to perform excellently, giving quiet continuously 
variable oscillation levels. The oscillator noise output 
level was of the order of 1 uv, while resonance signal 
strengths were usually 100-1000 uv. The limiting 
sensitivity as determined by a 2,2-diphenyl-1-picryl- 
hydrazyl sample was of the order of 10"* spins, compar- 
ing favorably with the conventional microwave 
detection systems. The entire coaxial line was mounted 
in a double-wall Dewar assembly for the low-tempera- 
ture measurements. 


RESULTS AND DISCUSSION 


Paramagnetic Absorption Spectra in Irradiated 
H,0O and D,.O 


When samples of pure HO and D.O ices are irra- 
diated with Co™ y rays at 77°K as described above, 


6 B. Smaller and E. Yasaitis, Rev. Sci. Instr. 24, 991 (1953). 


MATHESON AND B. SMALLER 


the absorption spectra of Fig. 3 are typical of those 
measured at 77°K. The various features of these 
spectra are satisfactorily explained by assuming that 
they are due to the existence of a free spin (i.e., unpaired 
electron) located near an H ora D nucleus. Comparison 
may be made of the results found with the spectra 
obtained for H and D in the gas phase.’ First, a doublet 
structure is consistent with a spin of 3 for the proton, 
and a triplet structure is consistent with a spin of 1 for 
the deuteron, as is observed (Fig. 3). The other nuclear 
species, oxygen (spin 0), obviously yields no hyperfine 
splitting, and the free spin concentrations are perhaps 
10 000-fold the concentration of any impurity atoms, 
The A and B peaks are identified respectively as the 
strong field transitions [mr(}<>}), ms(}<2—3)] and 
[m1(—3<>—3), ms(3<0—3) ], while the E, F, and G 
peaks are identified as [my(1<>1), ms(}<—3})], 
[m; (00), ms(2>— 3) |, and [mr (—1<>— 1), ms(3> 
—}) ]. These transitions would correlate, respectively, 
with the following transitions of Nafe and Nelson using 
the F and mp quantum numbers appropriate to their 
weak field case (1,1<00,0) and (1,0-+1,—1) for the 
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Fic. 3. Paramagnetic resonance in y-irradiated HO and D;0 
ice, temperature 77°K. ———— Field. ———— Signal 
amplitude during slow sweeping of magnetic field through 
resonance. 


7J. E. Nafe and E. B. Nelson, Phys. Rev. 73, 718 (1948). 
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PARAMAGNETIC SPECIES IN GAMMA-IRRADIATED ICE 


gaseous H atom and (3, $4, 3), (§, #4, —}), and 


(3, —}«>3, —2) for the gaseous D atom. For the strong 
field case A and B are expected to be of equal intensity 
as observed (Fig. 3) and E, F, and G to be in the ratio 
1:1:1. The £, F, and G peaks are not in the expected 
ratio and this may be an instrumental effect occurring 
only when lines are close together. The peroxylamine 
disulfonate radical also gives a close triplet® and for 
this case a 1:1:1 intensity ratio was observed for low 
field modulations and approximately 1:2:1 for higher 
modulations. The ratio of hyperfine splitting constants 
calculated from these spectra is 4.040.4 in good 
experimental agreement with the ratio of atomic 
beam values of Wy/Wp=4.3.’ However, the splitting 
constants observed (85.5 Mc/sec in irradiated H,O) 
are considerably less than the free atom values’ (1420 
Mc/sec for H in a 1S state). For an assumed 2S; state 
the separation v of the hyperfine structure doublet 
terms in absolute frequency units is given by the 
Fermi’ relation, 


v= (8x /3h)| (22+1)/T Juoun¥(0), 


where J is the nuclear spin in units of #, uo is the Bohr 
magneton, wv the nuclear magnetic moment in absolute 
units, and ¥(0) is the Schroedinger wave function 
evaluated at r=0. At r=0 for a hydrogenic orbit 


Wns (0) = (1/7) (Z°/n*a0*), 


where Z is the nuclear charge, 7 is the principal quantum 
number, and dp is the Bohr radius. It is readily conceiv- 
able that the effect of the strong intermolecular dipole 
field would be a promotion of the electron from the 
free atom ground state to higher orbits with a sub- 
sequent reduction of hyperfine splitting constant. An 
alternative useful classical approach may be to consider 
the proton and associated electron to be embedded in a 
dielectric of dielectric constant x where the nuclear 
attractive potential is reduced by a factor x. Then 
v1°(0) is given by (1/2) (Z°/x%ao?). The value of x 
required to reduce v from 1420 Mc/sec to 85.5 Mc/sec 
is 2.55. Auty and Cole” have found the limiting high- 
frequency dielectric constant to be 3.10 from —0.1 
to —65°C for H,O. One might well expect the effective 
dielectric constant in this case to be somewhat less 
than the bulk value, since close to the nucleus the 
proton field is probably not shielded. Although our 
accuracy does not warrant such a refinement, one may 
multiply Wy/Wp=4.35 by (xD20/KH20)*= (3.04/3.10),3 
using Auty and Cole’s values and the ratio becomes 4.1. 

In considering the possible importance of the inter- 
actions discussed above one needs to differentiate 
between two types of “solutions” of H atoms. First, 
if one could dissolve H atoms in liquid HO and then 
freeze the water, the structural units would take up 





(198s) Smaller and E. L. Yasaitis, J. Chem. Phys. 21, 1905 
53). 

* E. Fermi, Z. Physik 60, 320 (1930). 

WR. P. Auty and R. H. Cole, J. Chem. Phys. 20, 1309 (1952). 
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positions consistent with the preservation of atomic 
and molecular radii. The resulting “uncrowded” 
paramagnetic center will show little of the promotional 
effect. Second, in the case suggested by us an H atom 
is produced by the dissociation of an HO molecule 
[see Eq. (3)] in an extensive crystal lattice at low 
temperature. In this second case since the van der Waals 
radius of a hydrogen atom is 1.2 A as against the 0.3 A 
covalent radius one expects a rather crowded hydrogen 
atom. The proton-electron pair interacting strongly 
with the surrounding crystal molecules is clearly not 
the equivalent of a ground-state gaseous hydrogen 
atom, but also it is not covalently bonded to a specific 
atom in its environment, so that the pair may be 
designated as a strongly perturbed hydrogen atom. 

In this connection it is interesting to note that 
Livingston, Zeldes, and Taylor" have recently shown 
that in irradiated H,SO, or 1:1 molar H2SO,:D20 the 
hyperfine splittings are very close to those obtained 
for gaseous H and D atoms. We have confirmed this for 
these substances using 350 Mc/sec and obtaining the 
weak field H and D spectra to be expected from their 
results. Thus the splittings obtained for irradiated 
H.SO, and irradiated H,O are quite different. When 
frozen solutions of 4.4, 1.0, 0.1, and 0.001 molar H.SO, 
in H,O are irradiated, the resonance absorption 
corresponding to that in pure H»2SO, decreases in 
intensity with decreasing acid concentration. Simultan- 
eously it is found that the relatively weaker peaks 
observed in pure irradiated H.O are observable even in 
4.4 molar H,SO,. The magnitudes of the splittings of 
the two doublets remain unchanged as the acid con- 
centration is varied. 

The appearance in H,SO,—H,O mixtures of the 
resonance doublets found in the pure irradiated 
components is probably to be expected, since H2SO, 
forms a compound with 4H,O molecules and this 
compound plus water will freeze to give a eutectic of 
36.8 percent H.SO, (~4.4M). Presumably, therefore 
in the H;:SO,—H,O mixtures one obtains crystals of 
both H.SO,:4H20 and H,0. 

The broadening of the resonances in irradiated ice 
may be assumed to be due to neighboring proton (or 
deuteron) interactions and to correspond roughly to 
spacings of 2-3 A in agreement with the molecular 
spacing of 2.76 A. The relative line widths (6 gauss for 
irradiated H,O and 2 gauss for irradiated D.O) are in 
the correct ratio for the assumed magnetic species 
(H and D). 


Absorption Spectra of Irradiated Frozen Solutions 
of H.O, in H,O and D,O, in D.O 


At T=4°K a second doublet structure was detected 
in pure H,O ice at an intensity equal to the A, B 
peaks with separation 10 gauss as compared to the 
A, B peak separation of 30 gauss, while the DO ice 


11 Livingston, Zeldes, and Taylor, Phys. Rev. 94, 725 (1954). 
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resonance spectrum showed a distortion of the F peak 
attributable to a second triplet structure. 

Since, as already noted, the presence of H and OH in 
irradiated water has been deduced by indirect evidence, 
it is suggested that the OH free radical may be respon- 
sible for this second doublet. While the electronic state 
for gaseous OH is ?m, the electric field splitting in ice 
can be expected to quench the orbital angular momen- 
tum to give the residual Kramer’s doublet, which 
would be responsible for the resonance. A shorter 
relaxation time may be expected for this state than for 
the S; of the hydrogen owing to orbital coupling and 
hence can only be detected at very low temperatures. 

In the OH radical the unpaired electron is largely 
localized on the oxygen atom. The hyperfine splitting, 
however, is due to the proton of the OH, which is 
0.97 A” from the O atom in the gaseous state. From 
the C, D separation of Fig. 4, ra [the average proton- 
electron distance calculated from (1/r*),, ] is 1.02 A. The 
effect of dielectric in enlarging the electron orbital 
would probably change the mean proton-electron 
distance. However, with our present knowledge the 
1.02 A is not incompatible with the postulate that we 
are dealing with an OH radical. 

Further support for the postulate that the C, D 
peaks are due to OH is found in experiments with 
y-irradiated frozen solutions of H,O. in H,O. The 
spectra measured at 4°K for pure H,O and at 77°K for 
0.280M HO. in H:O and 4.44M H,O, in H,0 all 
irradiated at 77°K, are compared in Fig. 4. (Qualita- 
tively the spectra for H,O2 in HO measured at 4° and 
77°K are similar.) From data such as given in this 
figure two phenomena may be noted: (1) the separation 
of the C, D. peaks increases with increasing HO» 
concentration; and (2) as the HO, concentration 
increases, the C, D peaks become stronger while A and 
B attributed to H weaken and disappear. The increasing 
separation may be due to changing environment as 
H2Oz is added," and in support of this it may be noted 
that in going from pure HO to 0.280M HO: the C, D 
and A, B separations increase exactly proportionately. 
The second phenomena can be correlated with the 
present theory of the radiation chemistry of aqueous 
systems. 

In water subjected to ionizing radiation the following 
reactions are assumed to occur:! 


H,O(aq)+radiation—H,0*(aq)+e, (1) 
H,0* (aq)—>H* (aq) +OH, (2) 
e+H:,0(aq)—H:,0- (aq) H+ OF (aq). (3) 
Equations (2) and (3) are exothermic because of the 


2G, Herzberg, Molecular Spectra and Molecular Structure. I. 
Diatomic Molecules (Prentice-Hall, Inc., New York, 1939), p. 491. 

183A. G. Mitchell and W. F. K. Wynne-Jones, Discussions 
Faraday Soc. No. 5, 161 (1953) find H2O2 molecules fit into the 
water structure and draw it together. Also, an OH formed from 
an H.O,2 molecule should have a different local environment than 
one formed from an H2O molecule. 


AND B. SMALLER 


hydration energies of the ions formed. In ice at liquid 
nitrogen temperature where solvation effects are less 
Eq. (2) would ‘still be exothermic, but Eq. (3) is 
estimated to be endothermic by about 1 ev.? However, 
most secondary electrons start out with more than 1 ey 
of energy. Further, it is assumed for fast electrons 
(from y rays) that radical pairs are produced in clusters 
(average of 3 pairs per cluster) with the OH’s near the 
electron path and the H’s more diffusely distributed 
(perhaps 150 A radius for a cluster).’* Some He and 
HO, are formed either directly as molecular products 
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_ Fic. 4. Effect of H,O2 on paramagnetic resonance in irradiated 
ice. ———— Field. Signal amplitude during slow 
sweeping of magnetic field through resonance. 


4D. E. Lea, Actions of Radiations on Living Cells (The Mac- 
Millan Company, New York, 1947), p. 48. 
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or from radicals which are so close together that added 
solutes do not affect the combination. For Co® y rays, 
however, 79 percent of the H,O decomposition gives 
radicals.'® 
From the above, one would expect H and OH to be 
produced in approximately equal quantities in pure 
ice and the C, D peaks should be about equal in intensity 
to the A, B peaks. A theoretical synthesis from four 
lines of equal height and with widths and spacings as 
found experimentally for A, B, C, and D gave a result- 
ant pattern closely similar to that found experimentally 
for pure ice (Fig. 4). Further, either of the following 
reactions occurring to an increasing extent as the H,O2 
concentration is increased could account for the 
weakening and disappearance of the H peaks in Fig. 4, 
and the simultaneous intensification of the OH ab- 
sorption : 
H+H,0.—H,0+ 08H, (4) 


e+H,0.—O0OH-+ OH. (5) 


In reaction (4) the H would be formed as an immediate 
neighbor of the peroxide by Eq. (3), while in Eq. (5) 
the electron would react directly on the H,O2. Since 
Eq. (5) is energetically more favorable than Eq. (3), 
perhaps it is to be preferred over Eq. (4) at high H,O2 
concentrations. 

Other paramagnetic species which may be postulated 
to occur in irradiated ice are H,O*, H.O-, and electrons 
trapped at imperfections. However, the H,O+, if the 
unpaired electrori is in an unquenched # orbit on the 
oxygen,'® would not give a resonance absorption 
centering at g=2.0. If the crystalline field splitting 
results in a Kramer’s doublet for the low-lying state, 
then the electron orbit will be symmetrical with respect 
to the two protons of H.O+. In this case a triplet 
spectrum, resolved or unresolved, centering at g=2.0 
should be produced, as the proton spins may be 
parallel or antiparallel. This does not accord with our 
results. A similar argument may be advanced against 
H,O-. Electrons trapped at imperfections such that 
they cannot be assigned to any particular H,O molecule 
should give a single peak at g=2.0 of more or less 
breadth, again in contradiction with our results. 


Yields of Products 


By comparing the absorption obtained for a given 
sample with the absorption of a 2.9-mg sample of 
2,2-diphenyl-1-picrylhydrazy] the absolute concentra- 
tion of paramagnetic species was estimated for the 
radiated sample. (See Appendix A.) The yields of 
tadical pairs/100 ev so estimated for different samples 
are summarized in Table I. The measurement of 
radical pairs is believed accurate to about a factor of 
2. The average radical pair yield for H,O and D.O is 

r me Hart, J. Phys. Chem. 56, 594 (1952). ; 

e lowest ionization potential of H,O in the gas phase is 


for the ionization of one of the lone pair electrons on the oxygen. 
R. S. Mulliken, Phys. Rev. 40, 55 (1932). 





TABLE I. Radical pair yield for Co gamma irradiations. 








Radical Yield 
Dosage Temp. pairconc. (radical 
(ev/g) Meas. (millimoles/ pairs/ 





Sample No. 10-2 (°K) liter) 100 ev) 
H.0 7 3.27 4 0.35 0.064 
D0 8 3.27 4 0.95 0.18 
H,0 9 6.06 77 2.79 0.23 
D,O 10 5.86 77 1.78 0.18 
H,0 11 7.83 4 1.84 0.14 
D,O 12 1.50 | 0.814 0.064 
D,O 12 Ae 4 0.82 0.068 
H,0 21-2 7.06 4 1.26 0.109 
H.O 21-1 20.0 4 2.58 0.075 
H.O 24-5 8.0 77 3.04 0.23 


H,O(10-°M NaCl) 15 8.0 77 2.89 0.20 
H,0(10-?M NaCl) 16 8.0 77 3.08 0.23 


H,0(0.28M H:02) 22-1 3.51 77 2.66 0.45 
H,0(0.28M H:02) 22-2 7.54 77 5.0 0.39 
D,0(0.194M D202) 23-4 3.80 77 1.86 0.30 
D,0(0.194M D202) 23-1 8.20 77 3.86 0.28 
H,0(4.44M H:,02) 17 4.52 77 9.65 1.3 
HCOOH (pure) 18 3.99 77 32.6 4.9 
NH; (anhyd.) 20 15.72 91 2.36 0.086 








0.14. If all radical pairs yielded Hz and HO. on 
warming, then 0.07 molecule Hz (or: H202)/100 ev 
would be obtained. Or, if 50 percent of the radical 
pairs yielded HO, then 0.035 molecule H:/100 ev 
would result. For tritium 6’s at 77°K Ghormley and 
Allen'? measured 0.27 molecule gas/100 ev for the 
initial yield. The agreement is adequate in view of the 
possible error factor of 2 in our measurements. Also 
molecular H, or H2O2 produced at 77°K would of 
course not be detected in our work. 

For dilute peroxide solution (0.2-0.3M) the radical 
pair yield is about 2- to 3-fold higher than for pure 
H.O or D.O (Table I), while for concentrated H2O2 
(4.44M) the yield is still higher. The higher yields 
with increasing peroxide concentration can be explained 
as due to the favorable energetics of reaction (5) as 
compared to reaction (3). 

Samples 21-1 and 21-2 of H,O were run specifically 
to test whether the yield might fall off with increasing 
dosage. So that the relative figures might be significant, 
the samples were prepared and handled identically 
except for the amount of radiation. The irradiations of 
the samples were arranged so that the irradiations for 
both samples terminated at the same time, and the 
resonance absorption measurements were made in 
immediate succession. With the precautions used the 
relative figures in Table I are believed to show a 
small decrease in yield with increasing dosage. The 
yields for dilute HO. in HO and D,O: in D20 show a 
similar small decrease with dosage with less than 10 
percent of the peroxide consumed. 

It has been proposed that in the x-ray-excited fluores- 
cence of ice the emitting species is an alkali ion that 
has captured an electron.’ Therefore, ice containing 
sodium chloride was irradiated and examined for the 





17 J. A. Ghormley and A. O. Allen, Oak Ridge National Labora- 
tory Report ORNL-128 (September 1, 1948). 
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Fic. 5. Annealing of resonances in irradiated 0.28M H2O:2 in H,0. 
O sum of A, B peaks. @ sum of C, D peaks. 


paramagnetic resonance absorption which would be 
typical of sodium (nuclear spin 3). However, in ice 
containing sodium chloride only the paramagnetic 
species previously observed in pure ice were found 
(Table I). However, such a small fraction of the sodium 
ions in 0.01M NaCl are effective in fluorescence,’ that, 
if this fraction existed as sodium atoms, the concentra- 
tion would be below the detection limit of our apparatus. 


Annealing Experiments on Aqueous Systems 


The relative stability of the two types of free radicals 
was investigated by their temperature sensitivity. 
Two methods of annealing were used, pulse and 
continuous. For pulse annealing the samples were 
transferred from the resonance measurement Dewar to 
a test tube maintained at the annealing temperature. 
After five minutes annealing, during which the tempera- 
ture in the test tube was followed as it came to equili- 
brium, the sample was transferred quickly back to the 
absorption apparatus for further measurements at 
liquid nitrogen or liquid helium temperature. For 
continuous annealing the Dewar in which absorption 
was measured was filled with cooled liquid freon-12 or 
freon-13 (Matheson Company), and the change of 
resonance absorption as a function of freon temperature 
(next to sample) was followed. Freon-12 could be 
cooled to 115°K. By careful addition of liquid nitrogen 
freon 13 could be cooled as a liquid to about 78°K and 
allowed to warm from that temperature. At tempera- 
tures below the mp (92°K) the freon-13 often tended 
to from a crust of solid on top of the liquid. 

In pulse annealing of H,O and D.O (samples 9 and 
10) with measurement at 77°K it was observed that 
the peaks of Fig. 3 disappeared rather sharply (un- 
changed at 108°K, essentially gone at 123°K). For 
pulse annealing of H,O (sample 11, Fig. 4) measured 
at 4°K, 5 minutes annealing at 118°K gave a greater 
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drop in the A, B peaks than in the C, D. Another § 
minutes at 133°K left only a very weak doublet of 
less separation than C and D which may not have 
been due to the sample. These results show that the 
H peaks disappear completely at 115+10°K while the 
OH peaks disappear at very slightly higher temperature, 

For continuous annealing (heating rate approximately 
1°/min) of dilute H,O2 in HO (Fig. 5) the H peaks 
(A, B) disappear near 100°K in agreement with the 
above results. However, almost half of the OH peaks 
(C, D) anneal out at 100°K as before and the remainder 
near 145°K. It is possible that the portion of the OH 
peaks annealing at 100°K is due to OH originating 
from H,O* [reaction (1) and (2)] and the portion 
annealing at 145°K is due to OH derived from H;0, 
[reaction (5) ]. By the radiation theory discussed above 
the OH’s from H,O* would be in a closer cluster than 
the OH’s from H,O2. The OH’s which are effectively 
adjacent to each other initially might be expected to 
disappear at a lower temperature than the others. 
Further, neglecting the small amount of H present and 
the formation of H,O:2, the two types of OH should be 
formed in equal amounts. An alternative explanation 
that H reacts with OH at 100°K and the remaining OH 
with itself at 145°K cannot account for all of the OH 
disappearing at 100°K, nor can it account for the 
results in 4.44M H,O: below. 

The results obtained by continuous annealing of 
dilute (0.194M) D.O2 in D.O are similar to those 
described above. The weakened D peaks (E£, G, Fig. 3) 
and about half of the central peak disappeared at about 
100°K. The remainder of the central peak (presumably 
OD derived from D.O2) annealed near 135°K. 

Likewise in the pulse annealed concentrated (4.44M) 
H.O2 in HO (measured at 4°K) slightly more than 
half the signal disappeared at 120°K, while the re- 
mainder largely disappeared at 200°K+20. This 
indicates that the second species is also more stable 
in the concentrated peroxide. 


Results with Irradiated Solid Ammonia 


Gaseous ammonia is decomposed by ultraviolet 
radiation (2000-2100 A) to give H and NH: in the 
primary process.'§ These intermediates have been 
proposed also in the decomposition of ammonia in 
electrical discharges.’ Therefore, any decomposition 
induced in solid ammonia at liquid nitrogen temperature 
by y rays might possibly yield H and NH; also. Solid 
ammonia irradiated with Co® y rays exhibited the 
resonance spectrum shown in Fig. 6. The outside peaks 
A, E, (splitting 77 gauss) are probably due to H atoms; 
if so, then the splitting of the H hyperfine doublet is 


18W. A. Noyes, Jr., and P. A. Leighton, The Photochemistry of 
Gases (Reinhold Publishing Corporation, New York, 1941), p. 371. 
19 G. Glockler and S. C. Lind, The Electrochemistry of Gases and 
Other Dielectrics (John Wiley and Sons, Inc., New York, 1939), 


p. 210 
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less in ice than in solid ammonia. Since the high- 
frequency dielectric constant of solid ammonia is larger 
(3.36 at 87°K)” than for ice, one might expect the 
splitting to be less in ammonia. However, in ice the 
O—H:---O distance is 2.76 A and in solid NH; the 
N-—H.---N distance is 3.38 A with the H about 1.0 A 
along the hydrogen bond in both cases.** This longer 
and weaker hydrogen bond and the lower density of 
ammonia” as compared to ice suggest that the H atom 
may be less crowded in ammonia, so that the effective 
dielectric constant is lower in solid NH; than in ice. 

If the outer doublet is assigned to H, the inner 
triplet is probably NH». The observed splitting would 
then most likely be due to the two attached hydrogens 
since the nuclear moment of the nitrogen is so small. 

The irradiated solid ammonia revealed a complex 
annealing pattern. The A, B, D, E peaks disappeared 
near 100-110°K not far from the temperatures at 
which H and OH disappeared in pure ice. However, 
the C peak (due to the formation of a new and unidenti- 
fied species at g=2.0) increased in intensity and 
finally annealed out at about 140°K. 


Results in Solid Formic Acid 


Solid formic acid was irradiated at 77°K and ex- 
amined for paramagnetic resonances. Since irradiated 
formic acid might contain OH and H, it was our hope 
that resonances observed would be helpful in the 
interpretation of the results in ice. The hope is not 
yet realized. Two peaks of 15 gauss separation centered 
at g= 2.0 were measured at 77°K in the irradiated formic 
acid. These might be OH for the following reasons: (1) 
In the gas-phase photolysis of HCOOH no H atoms are 
observed* but OH radicals have been identified.” 
(2) The high-frequency dielectric constant is about 
2.9 at —10 to —50°C* so that OH should show a 
slightly larger splitting here than the 10 gauss observed 
in ice. (3) In such possibilities as 


QO: 
a 
HC=0, HC =O, 


and -COOH, the unpaired spin is on an atom 1.09 A or 
further from the H which is responsible for the hyperfine 
structure, and therefore the observed splitting seems 
to be too large for such species in this medium. H is not 
finally ruled out, and some charged species may be 
possible. Further work is planned on these systems 





(19385 P. Smyth and C. S. Hitchcock, J. Am. Chem. Soc. 56, 1084 
*L. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, 1942), pp. 168, 334. 
® L. Vegard and S. Hillesund, Chem. Abstracts 38, 4488 (1944) 
find x-ray densities at — 185°C, NH;=0.788, Hx0=0.942 g/cm’. 
* See reference 18, p. 367. 
* A. Terenin, Acta Physiochim. U. R. S. S. 3, 3181 (1935). 
(198 | 5 F. Johnson and R. H. Cole, J. Am. Chem. Soc. 73, 4536 
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Fic. 6. The paramagnetic resonance absorption spectrum of 
y-irradiated solid ammonia. ——— — Field. ————— Signal 
amplitude during slow sweeping of magnetic field through 
resonance. 


involving identification of chemical products as well 
as resonance spectra measurements in hope of more 
positive assignment of the spectra. If the OH assign- 
ment is correct, the HC=O is not observed, either 
because it disappears by combination or because of 
factors such as relaxation time. 

On annealing, a strong single peak at g=2.0 begins 
to grow in at —103°C and reaches a maximum at 
—94°C. After this peak again disappears, the two 
side peaks are again observed and anneal out between 
—56 and —40°C. No correlation between thermo- 
luminescence and resonance annealing was noted in 
ice or solid ammonia, but in the solid formic acid a 
single strong glow peak is observed at —99°C which 
may correlate with the resonance which maximizes at 
— 94°C. 


APPENDIX A. ESTIMATION OF RADICAL YIELDS 


For the dual modulation scheme using frequencies 
F,, and F; of amplitudes a, and_ay the total integrated 
intensity of a signal of output height e and width AH 
can be calculated approximately from the following 


formula: 
1 0 H H 
— f f e(H)d@H. 
arar~’o es *e 


For any given line shape one can approximate relative 
values of the above integral by (1) 


1 
azar 


where AH is the measured line width. The experimental 
line shapes obtained for 2,2-diphenyl-1-picrylhydrazyl, 
and for irradiated H.O or D.O ice samples appeared 
identical, so the above approximate formula (1) was 


26 The apparatus used for thermoluminescence measurements 
has been described in reference 3. 
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528 M. S. MATHESON 
used to calculate radical concentrations in the irradiated 
samples by comparison with the signal from a known 
amount of the hydrazyl. Comparison of sample and 
hydrazyl was always made at the same temperature 
of measurement. 
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Study of Nuclear Resonance of the Supercooled Rotational Transition 
of 2,3-Dimethylbutane* 


HERBERT SEGALL} AND J. G. AsTON 
College of Chemistry and Physics of the Pennsylvania State University, State College, Pennsylvania 


The proton magnetic resonance lines during the transition of the supercooled variety of 2,3-dimethyl- 
butane to the normal state have been investigated. An increase in rotational characteristics is followed by 
an exponential decrease in peak height of the resonance line. This is interpreted in terms of a transition 
around Frenkel holes. An observed asymmetry in the line shape is treated mathematically on this basis. 


INTRODUCTION 


HIS work is part of a series of investigations of 
rotation in solid solutions. Work on the system, 
neohexane-cyclopentane, has already been reported.! 
The investigation of rotation in solid 2,3-dimethyl- 
butane is the beginning of work on the system, neo- 
hexane-2,3-dimethylbutane. The results with 2,3- 
dimethylbutane have their own significance outside of 
any results of the whole phase study. 

The 2,3-dimethylbutane exhibits one transition point 
of the rotational type below its normal melting point 
of 145.19°K2 The ability of 2,3-dimethylbutane to 
supercool below its transition temperature of 136.07°K 
has been noted previously in a series of thermal studies* 
and in the determination of its Raman spectrum.‘® 
The most reliable determination of its heat capacity 
was reported without any indication of difficulties due 
to supercooling although difficulties due to supercooling 
were noted with its isomer, 3-methylpentane.’ 

The existence of relatively free rotation or no 
rotation in the solid state can be distinguished by the 
width of the proton resonance absorption line.*:> A 
wide line (greater than about 4 gauss), which indicates 
no rotation, is due to the existence of internal magnetic 
fields produced by neighboring protons. Relatively free 


* This research was carried out under contract with the Office 
of Naval Research. 
t+ Union Carbide Fellow 1953-1954. 
1 Aston, Bolger, Trambarulo, and Segall, J. Chem. Phys. 22, 
460 (1954). 
2 i Douslin and H. M. Huffman, J. Am. Chem. Soc. 68, 1704 
1946). 
( — Hoog, and Henkes, J. Am. Chem. Soc. 60, 17 
1938). 
4N. Sheppard and G. J. Szasz, J. Chem. Phys. 17, 86 (1949). 
5 N. Sheppard and J. K. Brown, J. Chem. Phys. 19, 976 (1951). 
6 (a) H. S. Gutowsky and G. E. Pake, J. Chem. Phys. 18, 162 
(1950); (b) Gutowsky, Kistiakowsky, Pake, and Purcell, J. Chem. 
Phys. 17, 972 (1949). 


rotation eventually causes the internal fields to average 
out to zero and produces a narrow line (less than about 
4 gauss). 

In the present investigation we have been able to 
work with the supercooled rotating variety down to 
60°K and have found that it slowly loses its freedom of 
rotation on standing at constant temperature as well as 
by cooling. When this supercooling is removed by the 
occurrence of the transition to the normal state the 
substance warms up due to the heat of transition but 
does not reach the transition temperature. During the 
transition, the absorption line narrows from about 8 
gauss to 3.5 gauss and does not broaden to the 9 gauss of 
the normal nonrotating variety until the transition is 
complete. A reasonable explanation of this phenomenon 
is that the transition occurs in a labile configuration 
around Frenkel holes’ producing a higher but constant 
spin-spin relaxation time and hence a higher peak height 
as well as a narrower line due to increase rotation. The 
configuration around the hole stays in this labile state 
until the transition is practically complete. 


EXPERIMENTAL 


The nuclear magnetic resonance apparatus, perma- 
nent magnet, and cryostat have been described pre- 
viously.! The resonance absorption occurred at 23.592 
megacycles in a field of 5541 gauss. All the line shapes 
were recorded after passage through a lock-in amplifier 
whose output is proportional to the first derivative of 
the absorption line. The width of the line was taken 
as the width in gauss between the maximum and 
minimum of the derivative curve. The sample of 2,3- 
dimethylbutane, with less than 0.1-mole percent 
impurity, was prepared and purified by fractional 
melting. 


7J. Frenkel, Kinetic Theory of Liquids (Clarendon Press, 
Oxford, England, 1946), Chaps. I and ITI. 
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RESULTS 


The existence of the “supercooled rotating” state 
was first noticed when a sudden rise of 17° occurred in 
the afterdrift of a rough heat capacity point. It was 
simultaneously noticed, with surprise, that the proton 
absorption line had narrowed during the period of 
heat evolution and subsequently widened to approxi- 
mately the original width. The experiment was repeated 
three times with consistent results. 

During the first run the temperature of the sample 
of 2,3-dimethylbutane was lowered to 60°K. The line 
width narrowed slightly from 8.29 gauss at 60.2°K to 
7.14 gauss at 88.0°K on warming. After the sample was 
warmed a few degrees further, the irreversible transition 
to the normal nonrotating crystalline state started at 
102.9°K. During the temperature rise to about 119°K, 
caused by heat evolution, a narrow line width of 4.04 
gauss was recorded at 103.3°K. The start and end of 
the rapid temperature rise were taken as the start and 
end of the transition. The sample was allowed to cool 
slightly after the transition and a broad line width of 
8.55 gauss was recorded at 115.6°K. A second run 
was made to confirm the narrowing of the line during 
the transition period. The temperature was lowered to 
64°K in this case and a broad line 8.15 gauss wide 
persisted after warming to 79.2°K. The irreversible 
transition began at roughly 86°K and ended at 110.2°K. 
During this period a narrow line of 3.83 gauss was 
recorded at 89.9°K and second one 3.41 gauss wide at 
105.1°K. A broad line 9.21 gauss wide at 108.7°K was 
recorded for the normal state after the transition. 

The next two runs were made to confirm the suspicion 
that the “supercooled rotating” state existed in two 
forms. In the third run the sample was cooled to only 
102°K and allowed to drift without being heated or 
cooled. In this run the absorption line never broadened 
to more than 3.4 gauss before the transition. The 
transition started at 101.9°K and finished at 124.7°K. 
The line widths taken during the transition were 3.36 
gauss at 104.0°K and 3.43 gauss at 122.3°K. The 
fourth run was made under conditions similar to those 


TABLE I. Line widths in solid 2,3-dimethylbutane. 











Temp. (°K) Line width (gauss) Description* 
79.2 8.15 2A 
88.0 7.14 1A 
89.9 3.83 2B 
88.3 3.78 4B 
86.0 12.38 4C 

102.6 3.34 4A 
103.3 4.04 1B 
105.1 3.41 2B 
104.0 3.36 3B 
102.7 9.56 4C 
108.7 9.21 rb 
114.9 3.43 3B 
115.6 8.55 < 
122.3 8.93 $¢ 








*A, B, and Cc represent supercooled, transition, and normal states, 
respectively, while the number preceding represents the run number. 
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Fic. 1. Line width vs temperature during a supercooled transition. 


of the third run except that the lowest temperature was 
87.7°K and the run ended at 104.2°K. Once again the 
line never broadened before the transition. The line 
during the transition was 3.78 gauss wide at 88.3°K 
and then broadened to 9.56 gauss at 102.7°K after 
slight cooling following the transition. Then the sample 
was cooled to 86.0°K where the absorption line for the 
normal state broadened to 12.38 gauss. 

The above data has been selected to compare the 
line widths of the different varieties or states of 2,3- 
dimethylbutane at certain chosen temperatures. The 
comparison in groups close to the temperatures of 
89°K, 103°K, and 115°K is clearly shown in Table I. 
Line widths at other temperatures have been included 
for comparison. The sample is said to be in the “‘super- 
cooled rotating” state before the irreversible transition 
has occurred, in the transition state during the transition 
and in the nonrotating or normal state after the transi- 
tion. It will be noticed that all three states have been 
observed at 89°K and 103°K in the course of the four 
runs. The group of data at 88°K show a width of 7.14 
gauss for the “supercooled rotating” variety from run 1 
compared with widths of 3.83 and 3.78 during transition 
in runs 2 and 4, respectively. Thus the narrowing during 
transition cannot be due to the spontaneous change of 
temperature. 

A typical curve of line width vs temperature is shown 
in more detail for run 2 in Fig. 1. The actual line shape 
derivatives before, during, and after the irreversible 
transition in run 2 are shown in Fig. 2. The temperature 
change during the recording of one line width was 0.2° 
during the ordinary part of the warming curve. The 
temperature rose as much as two degrees while taking 
the line widths in the irreversible transition period due 
to the rapid rise in temperature. 

A heat of transition of 1350+200 cal/mole was 
estimated from run 3 in which the fore- and afterdrifts 
of temperature were most favorable for estimating the 
start and end of the transition. That this compares 
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Fic. 2. Traces during transition in 2,3-dimethylbutane. 


well with the reversible calorimetric value of 1552 
cal/mole at 136.07°K? establishes that the entire 
rotational transition was being observed. The total 
time of the transition varied from 6 to 16 minutes in 
the four runs. 

The end of the transition was marked by a sharp 
change in the line shape in runs 1 and 2. This can be 
seen from Fig. 2 where the transition ends in the middle 
of the next to the last trace as was evident from the 
temperature reading. A discontinuity in the slope of 
the trace is noticed. The end occurred between record- 
ings in runs 3 and 4. 

In run 3 it was possible to estimate the manner in 
which the peak height decreased during the transition 
because three absorption line derivatives were recorded. 
Assuming that the transition around the Frenkel holes, 
involving nearest and second nearest neighbors (and 
perhaps others also), involves a state of constant 
spin-lattice relaxation time, this decrease in peak 
height could be used to evaluate a first-order rate 
constant for the phenomenon occurring around the hole. 
Since it takes approximately three minutes to record a 
line shape, the shape of the line is a function of this rate 
constant and could be evaluated if the rate constant 
were known and the spin-lattice relaxation time were 
constant. It, therefore, seemed best to group together 
the line shape and rate of decay and work out the theory 
of the effect on the basis of the above assumptions. 

The line shapes during the transition can be quanti- 
tatively accounted for by assuming that the peak height 
of a Gaussian shaped “line” decays exponentially with 
time during the recording of the derivative. The absorp- 
tion line has the form 


g(v)=Ae™” exp[ — 22? (v—)*T 2], (1) 
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where ?’=time in seconds during transition, A 
=normalization constant when m=O, and m is the 
specific decay constant associated with the transition 
around the Frenkel holes, and the other terms have 
their usual meaning. The frequency is changed linearly 
with time by a clock motor on the tuning condenser 
so that we may replace 22°(vy—v0)?T2 by (t’—to)?/26?, 
where fp is the time at which y=. Then 


g(t) =Ae-™ %e-™! exp (—//20"), 
where 
t=t'—to. (2) 


By a straightforward calculation, the slopes at the 
inflection points are given by 


g(t) 
= FAb™ exp(—mt») exp — (1+3m?b?+4mb)/2], (3) 


where /,, is the time of the observed maximum in g(t) 
and equals fo+m6*. 

The average of the absolute values of the two slopes 
is given by 


(OK exp(—mitn, (4) 


where K is a function of the constants, A, m, and b. 
The ratio of the slopes for a given line is 








g’(t)- 
g’ (t)+| 
which means that the line shape derivative should be 


asymmetrical. 

In order to test equations 3 and 4 the logarithm of 
the slope was plotted against ¢, for run 3 as shown in 
Fig. 3. The squares represent log.g’(#) for each line 
slope recorded during the transition while the closed 
and open circles represent log.g’(/). and log.g’ (t),, 
respectively. The linear relationship with the same 
slope in each case is quite evident. The least square 
value of m is (1.01+0.01) X 10- sec corresponding to 
a half-life of 11.4 minutes. A rate constant m was also 
calculated for runs 2 and 4 even though only two lines 
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Fic. 3. Slopes at inflection points during transition in run 3. 
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NUCLEAR RESONANCE IN 2,3-DIMETHYLBUTANE 


were recorded during the transition in each run. In 
run 2, m=15X10- sec“ while m=3.1X10- sec in 
run 4. A fifth run was made to determine m from a 
large number of recordings during the transition. The 
least square method for 6 points in this run gives 
m= 1.25X10- sec“. 

The value of 6 is determined from the half-width 
which should be constant for all the lines during the 
transition, 


b= 34H (6) 
Experimentally we have from run 3 


AH=3.37+0.03 gauss, 
or 
b=21.5+0.2 sec, 


since the radio-frequency spectrometer was changed at 
the rate of 0.07819 gauss/sec. The other runs confirmed 
this value of 8. 

The asymmetry ratio for run 3 was calculated from 
Eq. (5) and compared with the experimental value for 
the 3 lines as shown below 


r(calc.) = 1.091 


r,;=1.105 
ro= 1.082 
73> 1.102 


average fexp= 1.096. 


The small discrepancy between observed and calculated 
values can be accounted for by the uncertainty in the 
position of the base line of the derivative curves. 

This exponential decrease in peak height is not to be 
confused with the change in peak height that is used 
to make an absolute determination of the spin-lattice 
relaxation time 7.8 


DISCUSSION 


It is generally expected that a solid which is super- 
cooled below its transition point will maintain roughly 
the same amount of rotation as it normally has above 
the transition point. In 2,3-dimethylbutane it has been 
found possible to remove that rotation in the “super- 
cooled rotating” state without going to the normal state 
by cooling to 64°K. Somewhere near this temperature 
the rotation of the molecules apparently becomes 
“locked-in” by some interaction. This is clearly shown 
by the fact that rotation persists in the “supercooled 
rotating” state if the sample is only cooled to 87°K. 


® Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 
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As the sample, whose molecules are “locked-in”, 
warms up an irreversible transition occurs to the normal 
state below the 136°K transition point. As part of this 
irreversible transition, the structure apparently loosens 
up before going to its final form so that the molecules 
are free to rotate in this intermediate state. The 
rotation is shown by the temporary narrowing of the 
proton absorption line which occurred in runs 1 and 2. 
This loosening up of the structure evidently starts with 
the neighbors of Frenkel holes.’ The ability to observe 
these Frenkel holes is dependent on the existence of 
the molecules in the “locked-in” state. To start rotating 
and undergo the transition, a molecule moves into a 
hole leaving another hole. In run 2, at about 90°K, 
the intensity of the resonance absorption increased 
about 50 percent at the start of the transition; it 
then fell off exponentially as in a first-order reaction 
but the line width stayed constant. This subsequent 
decrease in intensity is due to the decrease in the 
concentration of Frenkel holes about which the transi- 
tion has not yet occurred. The transition can be 
expected to be of the first order since the rate of 
decrease of Frenkel holes can be expected to be propor- 
tional to the number of holes. 

It should be noticed that in the transition region in 
the above treatment, experimentally, there is no room 
for a contribution to the absorption line by the new 
(stable) phase into which the compound is changing. 
The results indicate no contribution to the resonance 
absorption by this phase until the transition is over. 
Since it is quite likely that the stable phase is being 
formed during the transition there must be a mecha- 
nism by which the absorption due to the protons in the 
stable phase is being saturated. The nature of this 
mechanism is not clear at the present time. 

The rate constant would be characteristic of the 
transition if the initial and final products were thermo- 
dynamically stable. Since the supercooled state is not 
stable, the variation in the rate constant for different 
runs will indicate whether there is a tendency for a 
metastable or a randomly unstable state to occur in the 
supercooled solid. The fact that three determinations 
of the rate constant agree within a factor of 3 tends to 
indicate a metastable supercooled state. The fourth 
determination is off by an additional factor of 4 but 
this value of m is not too reliable since it was calculated 
from only two points. There is no trend in the values of 
m which indicate.any temperature dependence. It is 
therefore to be concluded that the energy of activation 
is small. 
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An investigation has been made of the mercury—6(*P;)—photosensitized decomposition of ammonia 
at room temperature, under both flow and static conditions. Nitrogen and hydrogen were produced in the 
static experiments; hydrazine was an additional product in the flow experiments. 

The quantum yield of ammonia decomposition in the flow experiments did not depend on the flow rate 
but increased in an exponential manner, as the reaction pressure was decreased, from a value of 0.09 at 
650 mm toward unity at very low pressures. The quantum yield in the static experiments at high ammonia 
pressures and at a low extent of reaction was about the same as in the flow experiments at comparable 
pressures. The static quantum yield decreased when the extent of reaction was increased, when the ammonia 
pressure was decreased, or when hydrogen was added to the reaction. 

The percentage of the decomposed ammonia which was recovered as hydrazine increased from zero at 
low flow rates to 95 percent at high flow rates. At a fixed flow rate, the hydrazine-to-nitrogen ratio increased, 
as the ammonia pressure was increased, from zero to a maximum value which was pressure independent 
at higher pressures. The hydrazine-to-nitrogen ratio increased as the incident intensity of 2537 A radiation 
was decreased. When ethylene was added to the flow experiments the hydrazine-to-nitrogen ratio was 
markedly increased. However, when platinum wire was introduced into the irradiated zone, the reaction 
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A mechanism is suggested which appears to give the best representation of the results. 





INTRODUCTION 


LTHOUGH the mercury-photosensitized decom- 

position of ammonia has not been studied as 
extensively as the photolysis of ammonia, several 
investigations into the former mode of decomposition 
have been reported. Dickinson and Mitchell! were the 
first to show that ammonia could be decomposed by 
2537 A radiation if mercury vapor was present. Their 
investigation was performed under static conditions 
at ammonia pressures from 0.14 to 0.45 mm. The 
products were exclusively nitrogen and hydrogen. At 
an ammonia pressure of 3 mm the same investigators? 
found that the reaction was not inhibited by 0.3 mm 
pressure of added argon or nitrogen. However, the 
addition of hydrogen at pressures as low as 0.05 mm 
caused considerable inhibition of the rate of ammonia 
decomposition. The decomposition rate was also 
inhibited as the reaction progressed owing to the 
buildup of the hydrogen concentration. The hydrogen 
inhibition was greater than the effect to be expected 
from the competative quenching of the excited mercury 
atoms by hydrogen. Noyes’ confirmed that the hydro- 
gen inhibition was greater than was to be expected 
from hydrogen quenching alone, and he showed also 
that the reaction rate did not change when the tempera- 
ture was increased to 400°C. Experiments by Melville* 
showed that the quantum yield for ammonia decomposi- 


* This work was supported by the Office of Naval Research 
under Contract N7onr32912. This paper formed part of a disserta- 
tion submitted by one of us (C.C.M.) in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy at Illinois 
Institute of Technology. 

1R. Dickinson and A. Mitchell, Proc. Natl. Acad. Sci. U. S. 
12, 692 (1926). 

2R. Dickinson and A. Mitchell, J. Am. Chem. Soc. 49, 1478 
(1927). 

3W. A. Noyes, Jr., J. Am. Chem. Soc. 54, 4143 (1932). 

4H. W. Melville, Proc. Roy. Soc. (London) A157, 621 (1936). 


tion increased from 0.020 at 5 mm pressure to 0.045 
at 73 mm pressure at a temperature of 50°C. The 
quantum yield also increased with temperature; a 
value of 0.234 was reported for an ammonia pressure 
of 75 mm at 432°C. Melville®:* also performed valuable 
mercury-photosensitized experiments with mixtures of 
deuterium and ammonia. 

Taylor and Bates’ found that if ammonia and 
mercury were distilled through the irradiated zone the 
hydrogen-to-nitrogen ratio was higher than required 
by the equation 


2NH;= N2+3Hbp, (I) 


and they suggested that a third product, hydrazine, 
was produced in accordance with the equation 


2NH;= N2H,+ He. (II) 


Flow experiments by Gedye and Rideal® at relatively 
low ammonia pressures indicated that about two 
percent of the decomposed ammonia could be recovered 
as hydrazine. 

In the static experiments of Welge and Beckman’ 
the extent of reaction was kept very short, under which 
conditions it was found that the percentage of hydrogen 
in the noncondensable gas fell from 100 to 75 as the 
reaction progressed. They proposed that hydrazine 
was formed and subsequently decomposed in the reac- 
tion. The quantum yield for ammonia decomposition 
was found to be about 0.1 from 1 to 100 mm ammonia 
pressure. 


5L. Farkas and H. W. Melville, Proc. Roy. Soc. (London) 
A157, 625 (1936). 

6H. W. Melville, Proc. Roy. Soc. (London) A175, 164 (1940) 
( 7 ~ Taylor and J. Bates, Proc. Natl. Acad. Sci. U. S. 12, 714 
1926). 

8 G. Gedye and E. Rideal, J. Chem. Soc. 135, 1160 (1932). 

* H. Welge and A. Beckman, J. Am. Chem. Soc. 58, 2462 (1936). 
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DECOMPOSITION OF NH; 


The purpose of the following investigation was to 
carry out an extensive study of the mercury-photo- 
sensitized decomposition of ammonia both by flow and 
by static experiments in order to obtain further insight 
into the mechanism of this reaction. 


EXPERIMENTAL 
Apparatus 


The flow and static experiments on the mercury- 
photosensitized decomposition of ammonia were per- 
formed in a conventional high vacuum apparatus 
similar to that which was used for the flow photolysis 
of ammonia in a closed system." 

Ammonia was admitted to the system via a needle 
valve and flow meter and passed through a reservoir 
containing mercury before it entered the reaction tube. 
The mercury reservoir temperature was controlled by 
a small furnace. 

The reaction tube in which the ammonia was 
irradiated consisted of a quartz tube 15 cm long and 
4 cm in diameter connected to the Pyrex system by 
quartz-to-Pyrex graded seals. The light source was a 
low pressure mercury-rare gas discharge, contained in 
a helical envelope of Vycor 7910 glass around the 
reaction tube. Since the Vycor glass absorbs 1849 A 
radiation, only 2537 A resonance radiation is emitted by 
this source. 

The ammonia pressure in the quartz reaction tube 
was measured by a mercury manometer or a McLeod 
gauge. The reaction tube was connected to a large 
condenser flask by a variable orifice. 


Flow Experiments 


In a typical experiment, ammonia was admitted to 
the evacuated system at a mass flow rate which was 
controlled by the needle valve and measured by the 
flow meter. The orifice was adjusted to obtain the 
desired linear flow rate of ammonia in the reaction zone. 
During an experiment the condenser flask was immersed 
in liquid nitrogen and the lamp current was adjusted 
to a fixed value. At the end of an experiment the lamp 
and the ammonia stream were shut off and the condens- 
able gas in the system was allowed to freeze out in 
the condenser flask. The noncondensable gas was 
transferred through a trap immersed in liquid nitrogen 
(to remove the last traces of condensable gas) by a 
Toepler pump into an analytical system wherein the 
hydrogen and nitrogen were quantitatively determined. 

The products of the photodecomposition of ammonia 
were assumed to be nitrogen, hydrogen, and hydrazine 
only. No evidence was obtained for other products. 
The hydrazine produced in an experiment was therefore 
calculated from stoichiometric Eqs. (I) and (II) and 
the amounts of nitrogen and hydrogen produced. 





9s Kahn, and Gunning, J. Chem. Phys. 22, 908 
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This calculated hydrazine yield was more accurate than 
the direct titration of the hydrazine in the condensed 
ammonia with potassium iodate." The error in the 
titration arose mainly from a partial decomposition of 
the hydrazine by the condensed mercury in the am- 
monia-hydrazine condensate when the latter was 
acidified with hydrochloric acid. If the ammonia- 
hydrazine solution was decanted from the mercury 
before the acidification, up to 85 percent of the cal- 
culated hydrazine was found by the titration. 

Several series of experiments were made in which 
the ammonia pressure was varied at constant linear 
flow rate. When such a series of experiments was 
completed, the orifice size was changed to obtain a 
different linear flow rate. In most of the experiments 
the mercury reservoir was kept at room temperature. 
At high linear flow rates, however, it was necessary to 
raise the temperature of the mercury reservoir in 
order to assure saturation of the ammonia stream 
with mercury vapor. The tubing between the mercury 
reservoir and the quartz tube was long enough to 
allow the mercury vapor to reestablish its equilibrium 
concentration at room temperature before entering 
the reaction zone. 

Other series of experiments were done in which (a) 
the time of exposure of the ammonia stream to 2537 A 
radiation was varied, (b) the lamp intensity was varied, 
and (c) the reaction zone was packed with fifty feet of 
platinum wire, 0.0038 inches in diameter. 

Experiments were also done in which ethylene was 
introduced into the ammonia stream, upstream from 
the irradiated zone, at a constant, measured rate. In 
these experiments, part of the hydrogen produced was 
removed by reaction with the ethylene. The amount of 
hydrazine produced in these runs was obtained by the 
titration procedure since the calculation from the 
hydrogen-nitrogen analysis was not valid. The reported 
amount of hydrazine formed in these runs is, therefore, 
at least 15 percent low. At the conclusion of a number 
of the experiments with added ethylene, the final 
fraction of the material in the condenser flask was 
expanded into an infrared absorption cell. The infrared 
absorption spectrum of this gas was determined from 
600 to 4000 cm. 


Static Experiments 


The procedure of static experiments was similar to 
the flow procedure except that the condenser flask was 
not cooled. After ammonia had been admitted to the 
evacuated system, one hour was allowed for mercury 
equilibration before exposure. Ammonia taken directly 
from the tank or tank ammonia subjected to several 
trap-to-trap distillations and stored over mercury 
gave similar results. Static experiments were made over 
a wide range of ammonia pressures. The effect of 


11 R, Penneman and L. Audrieth, Anal. Chem. 20, 1058 (1948). 
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varying the exposure time was studied and in several 
runs hydrogen was added to the ammonia. 


Actinometric Experiments 


Bywater and Steacie” have extablished that the 
quantum yield for hydrogen production in the reaction 
of propane with Hg6(*P;) atoms is 0.46 at room 
temperature and at a substrate pressure of 140 mm. 
They also showed that the production of hydrogen was 
directly proportional to the light intensity. The propane 
reaction was used here as the actinometer. 

The procedure for the actinometric experiments with 
n-propane was the same as the procedure for the 
static experiments with ammonia. The m-propane 
pressure was 140 mm in each experiment and the 
exposure time had to be kept under five minutes in 
order that the products of the reaction would not 
interfere with the rate of hydrogen formation. Hydrogen 
was shown to be the only noncondensable product in 
the experiments. The rates of hydrogen formation 
were evaluated for several values of the lamp current. 


Materials 


Ammonia was obtained from the Matheson Company. 
This material was stated to have a minimum purity of 
99.5 percent. The water content was less than fifty 
ppm. Blank flow experiments, in which the lamp was 
not turned on, showed that the amount of noncondens- 
able gas obtained was negligible. Titration of the 
condensable material from these blank experiments 
gave no test for hydrazine. An infrared absorption 
spectrum obtained from a sample of the tank ammonia 
showed no absorption peaks which could not be 
attributed to ammonia. 

Hydrogen was obtained from the Air Reduction 
Company. It was stated to contain 0.09 mole percent of 
nitrogen and less than 0.02 mole percent of other gases. 

The ethylene and propane used were both “Research 
Grade” products of the Phillips Petroleum Company. 

The mercury used was the triply distilled grade 
obtained from Universal Scientific Industries. 


RESULTS 
Actinometric Results 


The actinometric experiments with 2-propane estab- 
lished that when the lamp current was 90 milliamperes 
(the usual value during the investigation) the 2537 A 
intensity absorbed by mercury at its equilibrium vapor 
pressure at room temperature in the quartz reaction 
tube was 1.15 10~ Einsteins per minute. The intensity 
was also measured at other values of the lamp current 
which were used during the investigation. 


12S. Bywater and E. W. R. Steacie, J. Chem. Phys. 19, 319 
(1951). 


Flow Results 


The mass flow rate of ammonia in each experiment 
was converted to volume flow at the temperature and 
pressure of the reaction zone. The volume flow divided 
by the area of the cross section of the irradiated zone 
gave the linear flow rate of the ammonia. The linear 
flow rate dependend only on the size of the orifice and 
the dimensions of the system. 

Three quantities were calculated for each experiment 
from the amounts of nitrogen and hydrogen produced by 
consideration of stoichiometric equations, (I) and (II): 


1. The amount of hydrazine produced was given 
by subtracting three times the amount of nitrogen 
produced from the total hydrogen produced. 

2. The net amount of ammonia decomposed was 
given by twice the sum of the hydrazine and nitrogen 
produced. 

3. The fraction of the ammonia decomposed which 
was recovered as hydrazinef was given by the ratio of 
the hydrazine to the sum of the hydrazine and nitrogen. 


The quantum yield for ammonia decomposition was 
determined for each experiment by using the appro- 
priate value for the intensity of the 2537 A radiation 
determined by the u-propane actinometric experiments. 
The quantum yields were corrected for the incomplete 
quenching of mercury 6(°P;) atoms by ammonia by 
multiplying the 2537 A intensity by the factor (1—K) 
which was derived from Eq. (III) the Stern-Volmer 
equation," in the following manner. 


K=1/(1+T72Zx). (IIT) 


In Eq. (III) K is the ratio of the intensity of reso- 
nance radiation from an irradiated cell containing 
mercury and a foreign gas to the intensity from the 
same cell from which the foreign gas has been removed. 
The lifetime of the excited mercury atoms, represented 
by T, was taken to be 1.1X10~’ sec."® The symbol Zx 
represents the number of times per second that an 
excited mercury atom gives up its energy by collision 
to one cubic centimeter of foreign gas molecules. By 
using a value of 4.20X10~'* cm?" for the quenching 
cross section of ammonia molecules for mercury 6(°P;) 
atoms to evaluate Zx and by substituting the values of 
T and Zx in Eq. (III) the following equation was 
obtained 


K=1/(1+0.295P) (IV) 


where P represents the ammonia pressure in mm of 
mercury. The fraction of the incident 2537 A radiation 
which was transferred to the ammonia by mercury 
6(*P,) atoms was given by (1—K). The correction for 


+ The percentage of the decomposed ammonia recovered as 
hydrazine is hereafter referred to as the percent hydrazine. 

18 See reference 13, p. 147. 

4A. Mitchell and M. Zemansky, Resonance Radiation and 
Excited Atoms (Cambridge University Press, London, 1934), 
p. 192 and ff. 
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DECOMPOSITION OF NH; 


incomplete quenching becomes significant at ammonia 
pressures below 65 mm. The Stern-Volmer equation 
is a first approximation to the correction for incomplete 
quenching. 

A series of experiments was done in which the time 
of exposure of the ammonia steam to radiation was 
varied from 15 to 60 minutes. In each experiment, 
the ammonia pressure was 29 mm and the ammonia 
linear flow rate was 270 cm per sec. The results of this 
investigation are listed in Table I. Since neither the 
quantum yield nor the percent hydrazine depended on 
the exposure time, the buildup of the noncondensable 
products did not interfere with the reaction. Since 
hydrogen did inhibit the static experiments, it was 
concluded that in the flow runs the noncondensable 
products were swept into the large condenser flask and 
were not able to diffuse back into the reaction zone 
against the ammonia stream. 

Since all the controlled reaction parameters were 
held constant in the runs reported in Table I, except 
the exposure time, and since the latter did not affect 


TaBLE I. The effect of exposure time on the mercury- 
photosensitized decomposition of flowing ammonia. 
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Total Calculated 

Ex- noncon- Nitrogen hydrazine Ammonia 

posure dens. gas per hour per hour decomposed 

time per hour moles moles Percent perhour Quantum 

(min) molesX104 X10 X10 hydrazine moles X10+ yield 
15 16.41 2.08 8.09 79.6 20.34 0.330 
30 15.13 1.71 8.29 82.8 20.00 0.324 
30 16.45 2.14 7.91 78.7 20.09 0.326 
30 17.75 2.49 7.80 75.8 20.58 0.333 
30 16.00 2.06 7.74 79.0 19.60 0.317 
45 15.50 1.89 7.56 80.0 18.90 0.306 
47 18.28 2.51 8.23 76.6 21.48 0.348 
60 15.11 2.04 6.95 tie 17.98 0.292 
60 18.00 2.53 7.88 75.6 20.82 0.338 








the reaction, the data in that table may be used to 
estimate the ability of the experimental procedures to 
give reproducible results. The average deviation from 
the average percent hydrazine was 1.8 percent and 
the average deviation from the average quantum yield 
was 0.012. The fluctuation in room temperature during 
these experiments was as great as at any time during 
the investigation (about 10°C). 

During the investigation of the effect of a systematic 
variation of the ammonia pressure and linear flow rate 
in the irradiated zone, the lamp current was 90 milli- 
amperes and the exposure time was 30 minutes. The 
values for the percent hydrazine at different linear 
flow rates are plotted as a function of the ammonia 
pressure in Fig. 1 and Fig. 2. Owing to the limitations 
of the apparatus, the pressure range which could be 
investigated became narrower as the linear flow rate 
was increased. The quantum yield of ammonia decom- 
position (corrected for incomplete quenching) is 
plotted as a function of ammonia pressure in Fig. 3. 
This curve was obtained by plotting the quantum 
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Fic. 1. The effect of pressure and flow rate 
on the percent hydrazine. 


yields from 86 experiments in which the linear flow 
rate was less then 600 cm per sec and the mercury 
reservoir was at room temperature. The quantum 
yields of 32 of these experiments in which the ammonia 
pressure was greater than 100 mm had an average 
deviation of 0.019 from the plotted curve. The quantum 
yields of the other experiments at pressures below 100 
mm had an average deviation from the curve of 0.046. 
When experiments were done with linear flow rates 
greater than 600 cm per sec (up to 1700 cm per sec) the 
quantum yields fell below the curve shown in Fig. 3, 
indicating that the absorption of 2537 A radiation had 
been decreased because of insufficient mercury vapor 
in the ammonia stream. This hypothesis was confirmed 
by doing similar experiments with the mercury reservoir 
heated so that the ammonia stream was saturated with 
mercury vapor. The quantum yields from these 
experiments fell on the curve of Fig. 3. In experiments 
with linear flow rates below 600 cm per sec the quantum 
yields were not changed by heating the mercury 
reservoir. The quantum yields from 15 experiments with 
various linear flow rates and ammonia pressures 
and with the mercury reservoir heated had an average 
deviation of 0.027 from the curve in Fig. 3. The heating 
of the mercury reservoir caused no change in the 
percent hydrazine. This investigation showed that 
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Fic. 2. The effect of pressure and flow rate 
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Fic. 3. The quantum yield of the mercury-photosensitized 
decomposition of flowing ammonia. 


there was no dependence of the quantum yield on the 
linear flow rate as long as the ammonia stream contained 
sufficient mercury to absorb all of the incident 2537 A 
radiation.{ There is some uncertainty in the absolute 
values of the quantum yield at the lowest ammonia 
pressures because of the large correction from the 
Stern-Volmer equation. 

The values of the percent hydrazine and the quantum 
yield determined from the experiments at different 
light intensities are plotted as a function of the light 
intensity in Fig. 4 and Fig. 5. In these experiments the 
ammonia pressure was 29 mm and the linear flow rate 
was 270 cm/sec. 

The percent hydrazine values and the quantum yields 
for the experiments in which ethylene was added to 
the ammonia stream are listed in Table II. Comparable 
data from experiments not containing ethylene are 
also given. The ethylene pressure was calculated by 
assuming that the ethylene and ammonia linear flow 
rates were the same. In the calculation of the quantum 
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on which Figs. 1, 2, and 3 are based may be obtained from the 
authors on request. 


yields the competative quenching of ethylene and 
ammonia was considered. Using values of 48107 
and 4.2X10~-'® cm? for the quenching cross sections 
of ethylene and ammonia, respectively, for mercury 
6(®P;) atoms,!> the quenching efficiency of ethylene 
was found to be 9.5 times as great as that of ammonia. 
To correct the incident light intensity for incomplete 
quenching, the Stern-Volmer relationship was applied 
to the pressure of ammonia plus 9.5 times the pressure 
of ethylene. The incident light that was available to 
ammonia through collision with mercury 6(*P1) atoms 
is given by 

I=I,[_Pa/(Pa+9.5Pe) ], (V) 


where /,, is the effective incident intensity calculated 
from the Stern-Volmer equation, and Pa and Pe are 
the pressures of ammonia and ethylene in mm. The 
percent hydrazine in the hydrazine-nitrogen product 
was determined for each experiment from the hydrazine 
and nitrogen produced. Since the hydrazine was 
determined by titration, the percent hydrazine values 
are probably low. 
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Fic. 5. The effect of light intensity on the quantum yield. 


When the ammonia-to-ethylene ratio was large, the 
hydrogen produced was much less than would be 
expected from the amounts of hydrazine and nitrogen 
produced. The hydrogen was probably partially 
removed by reaction with ethylene. When the ammonia- 
to-ethylene ratio was low, so that the ethylene quenched 
a considerable fraction of the mercury 6(°P;) atoms, 
much more hydrogen was obtained than was expected 
from the hydrazine-nitrogen yield. This excess hydrogen 
was probably a product of the mercury-photosensitized 
decomposition of ethylene. 

The infrared absorption spectrum of the condensate 
from the experiments with added ethylene showed 
qualitatively that ethylamine was produced, partic- 
ularly when the ethylene-to-ammonia ratio was low. 
The ethylamine could not be quantitatively determined 
because of the strong ammonia absorption. The 
quantum yields reported in Table II calculated from 
hydrazine and nitrogen only, are in error to the extent 
that ethylamine was a product. 


15 P, Pringsheim, Fluorescence and Phos phorescence (Interscience 
Publishers, Inc., New York, 1949), p. 111. 
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A series of 23 experiments were performed at various 
ammonia pressures and linear flow rates in which the 
irradiated zone was packed with 50 feet of platinum 
wire. The surface area of this wire was calculated to 
be 46.2 cm*. In most of the experiments the platinum 
wire was cleaned before the experiment was started by 
heating to red heat. The values of the percent hydrazine 
and quantum yield in these experiments were not 
different from the values obtained under comparable 
conditions without the platinum wire. 


Static Results 


In the static experiments at various pressures and 
exposure times, the lamp current was 90 ma. The 
amount of nitrogen product was 252 percent of the 
total noncondensable gas. Thus the static decomposition 
obeyed Eq. (I). No hydrazine was detected when 
the condensable products were titrated with potassium 
iodate. The hydrogen pressure in the reaction zone at 
the end of an experiment was calculated from the 


TABLE II. Results from adding ethylene to the mercury- 
photosensitized decomposition of flowing ammonia. 





PHOTOSENSITIZED BY Hg 6(#P,1) 








Percent 
hydra- Quantum 
Ammonia Linear Ethylene zine vield 
pressure flow rate pressure Quantum Percent without without 
mm cm/sec mm yield hydrazine CoH, CoH, 
360 16.2 7.9 0.068 93.3 30 0.12 
356 16.2 3.3 0.075 90.0 30 0.12 
215 13.6 ‘3to4 0.103 74 30 0.15 
330 16.2 2 0.095 69.5 30 0.12 
340 16.2 0.61 0.051 76.5 30 0.12 
23 231 0.69 0.055 82.6 72 0.30 
9 277 0.43 0.034 85.1 50 0.38 
9 277 0.065 0.033 79 50 0.38 
9 277 0.012 0.077 67 50 0.38 








amount of hydrogen produced and the volume of the 
reaction system. 

The quantum yields for ammonia decomposition 
were corrected for incomplete quenching and for the 
competitive quenching of the product hydrogen in the 
same manner that the quantum yields for the flow 
experiments containing ethylene were corrected for 
the competitive quenching of ethylene. By using a 
quenching cross section of 8.60 10~'* cm? for hydrogen 
the quenching efficiency of hydrogen for mercury 6(°P:) 
atoms was found to be 5.75 greater than that of 
ammonia. The average hydrogen pressure in an 
experiment was assumed to be two-thirds of the final 
hydrogen pressure. The quantum yields at different 
exposure times were plotted as a function of ammonia 
pressure in Fig. 6. 

Since it was suspected that the rate of ammonia 
decomposition was inhibited by the buildup of the 
hydrogen concentration when the exposure time was 
Increased, a series of experiments was performed in 
which hydrogen was added to the ammonia before the 
reaction was started. The results from these experiments 
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Fic. 6. The effect of pressure and exposure time 
on the quantum yield. 


are listed in Table III. The amount of ammonia 
decomposed was calculated from the nitrogen produced 
in accordance with equation (I). The intensity of 2537 A 
radiation transferred to hydrogen and ammonia, 
respectively, by mercury 6(°P;) atoms was calculated 
and is also reported in Table III. 

In a final series of static experiments at an ammonia 
pressure of 200 mm and an exposure time of 45 min the 
lamp intensity was varied. The quantum yield remained 
unchanged under these conditions. 


DISCUSSION 


Ample evidence has been presented by other investi- 
gators'®!7 to show that the primary products of the 
photodecomposition of ammonia are amino radicals 
and hydrogen atoms. This mode for the primary 
dissociation was in no way contradicted by the results 
of this investigation. 

Since the quantum yield for ammonia decomposition 
approached unity at low ammonia pressures, it is 
probable that the quantum yield for the initial scission 
of the N—H bond is unity under all conditions. 
Ammonia regeneration must therefore occur in the 
secondary reactions to account for the low quantum 
yield at other than very low ammonia pressures. A less 

TABLE III. The static mercury-photosensitized decomposition 
of ammonia with added hydrogen. 








Hydrogen Ammonia 


Ammo- Initial Final light light 





nia hydrogen hydrogen Nitrogen intensity intensity 

pressure pressure pressure perhour Quantum Ein./min Ein./min 
mm mm mm moles X104 yield 104 «104 
206 0 5.24 3.40 0.028 0.10 1.03 
205 fH 5.38 2.50 0.021 0.12 1.01 
210 6.5 8.27 1.53 0.0137 0.20 0.93 
204 13 14.08 0.868 0.0089 0.32 0.82 
200 20 26.63 0.406 0.0047 0.42 0.72 
50 22 22.12 0.085 0.0022 0.81 0.32 
193 27 27.39 0.262 0.0035 0.51 0.63 











16W. Noyes and P. Leighton, The Photochemistry of Gases 
(Reinhold Publishing Corporation, New York, 1941), p. 370. 
17 G. Herzberg and D. Ramsay, J. Chem. Phys. 20, 347 (1952). 
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satisfactory explanation for the dependence of the 
quantum yield on the ammonia pressure is that the 
primary dissociation of ammonia occurs via two paths. 
Ninety percent of the collisionally activated ammonia 
molecules form excited molecules which dissociate at 
low pressures but lose their excess energy by subsequent 
collisions at high pressures. The other ten percent of 
the activated molecules dissociate immediately at all 
pressures and account for the quantum yield of 0.1 at 
high pressures. If only excited ammonia molecules 
resulted from the collisions of mercury 6(°P1) atoms 
and ammonia molecules, the quantum yield should 
decrease asymptotically to zero as the pressure increased 
and would not achieve the observed, finite, pressure- 
independent value at high substrate pressures. 

Other investigators'* have proposed that ammonia 
is reformed in the ammonia decomposition either by the 
decomposition of part of the hydrazine which is 
produced or by the recombination of hydrogen atoms 
and amino radicals. Considerable evidence has been 
advanced for both mechanisms. In the flow experiments 
of this investigation the amount of ammonia reformed, 
as measured by the decrease from unity of the over-all 
quantum yield for ammonia decomposition, did not 
depend on the linear flow rate of the ammonia. On the 
other hand, the percent hydrazine in the nitrogen- 
hydrogen product varied from 95 percent at high 
linear flow rates to zero at low linear flow rates. In 
short, the hydrazine-to-nitrogen ratio varied greatly 
with the linear flow rate at a given ammonia pressure, 
while the sum of these two products and therefore 
the rate of ammonia reformation remained constant. 
These results indicate that: 


1. The ammonia which was reformed in the secondary 
processes of the ammonia decomposition did not arise 
from the decomposition of hydrazine. 

2. The nitrogen produced in the reaction resulted 
only from the decomposition of hydrazine, with one 
mole of nitrogen formed per mole of hydrazine 
decomposed. 


It was concluded, therefore, that all of the ammonia 
reformation arose from the following reactions: 


NH, +H—NH;* (3) 
NH;*—NH.+H (4) 
NH;*+NH;—2NH;, (5) 


where the symbol NH;* represents an ammonia 
molecule which contains the energy required for 
dissociation. At low pressures there would be little 
ammonia reformation owing to step (4). As the pressure 
increases, reaction (5) causes the quantum yield for 
18H. W. Melville, Trans. Faraday Soc. 28, 885 (1932). 
19H. W. Melville and E. Birse, Nature 142, 1080 (1938). 
( 2” Ogg, Leighton, and Bergstrom, J. Am. Chem. Soc. 56, 318 
1934). 
2 E. O. Wiig and G. B. Kistiakowsky, J. Am. Chem. Soc. 54, 
1806 (1932). 


ammonia decomposition to decline. The quantum yield 
never reaches zero, however, since some of the amino 
radicals recombine to form hydrazine. 

The hydrazine obtained in the flow runs was probably 
formed by the recombination of amino radicals. A 
hydrazine molecule formed by such a recombination 
contains sufficient energy to dissociate again. It is 
necessary to assume that the energy-rich hydrazine 
molecule can distribute its excess energy among its 
internal degrees of freedom, thereby achieving a 
finite longevity. Stabilization through collisional deac- 
tivation must then occur even at very low pressures 
since at high flow rates, for pressures as low as 1-2 mm, 
hydrazine was the important product while nitrogen 
production and ammonia reformation were small. 

It was proposed above that the nitrogen was produced 
from the hydrazine formed in the reaction. The hydra- 
zine decomposition may have been initiated either 
photochemically or by the attack of radicals. The 
hydrazine-to-nitrogen ratio increased as the linear 
flow rate of ammonia through the irradiated zone was 
increased. An enhanced linear flow rate lowers both 
the hydrazine and the radical concentrations in the 
ammonia stream and reduces the residence time for 
hydrazine molecules in the irradiated zone. Thus, either 
of the suggested mechanisms for the initiation of 
hydrazine decomposition would comply with the 
experimental observations. 

Photolysis of hydrazine by the 2537 A radiation 
can be neglected since hydrazine competes very 
unfavorably with mercury in the absorption of 2537 A 
radiation. The possibility of the decomposition of 
hydrazine by mercury 6(*P1) atoms was examined in 
the following manner: The total hydrazine initially 
produced in an experiment was considered to be the 
sum of the hydrazine and nitrogen observed. By assum- 
ing that this hydrazine was uniformly distributed 
through the ammonia passing through the irradiated 
zone, the concentration of hydrazine in the ammonia 
stream was calculated. If the further assumption is 
made that the quenching cross sections of hydrazine 
and ammonia for mercury 6(°P;) atoms are about the 
same, the ratio of their quenching is approximately 
the ratio of their partial pressures. In the experiment 
with the highest hydrazine-to-ammonia ratio it was 
deduced that the hydrazine quenched only 0.06 percent 
of the mercury 6(*P;) atoms. Thus the intensity of the 
2537 A radiation (the incident intensity was 1.15107 
Einsteins per min) transferred to hydrazine was 
6.9X 10-8 Einsteins per min. The rate of production of 
hydrazine in this experiment was 9.3X10-® moles per 
min. If the quantum yield for the mercury-photosensi- 
tized decomposition of hydrazine is unity, the maximum 
amount of hydrazine which could have been photo- 
chemically decomposed in the experiment was 6.9X 10~° 
moles per min, or less than one percent of the hydrazine 
produced. Actually in this experiment no hydrazine was 
obtained so that it must all have been decomposed to 
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nitrogen by some other mechanism. Similar calculations 
for the other flow experiments showed that in all cases 
the mercury-photosensitized decomposition of hydra- 
zine amounted to less than one percent of the hydrazine 
produced. 

Since the above calculations precluded the hypothesis 
that hydrazine formed in the ammonia decomposition 
was destroyed photochemically, the hydrazine decom- 
position must have been due to reactions with hydrogen 
atoms and amino radicals. Moreover, since almost all of 
the hydrazine produced in the flow experiments at 
low linear flow rates was subsequently destroyed by 
reaction with radicals, the steady-state concentration 
of hydrazine in the static mercury-photosensitized 
decomposition of ammonia must have been as low as 
the calculated values in the flow experiments. Therefore, 
photochemical decomposition of hydrazine could not 
have been important in the static decomposition 
experiments. 

It is probable that hydrogen atoms and amino radicals 
enter into similar secondary reactions in the ammonia 
decomposition and react at approximately the same 
rates except in recombination reactions. Gas-phase, 
hydrogen atom recombination requires three-body 
collisions, but amino radicals can probably recombine 
readily in the gas phase to form hydrazine. Since 
hydrogen atoms and amino radicals are produced at 
the same rate and amino radicals can disappear more 
readily, the amino radical steady-state concentration 
should be much smaller than the hydrogen atom 
steady-state concentration. The reaction of hydrazine 
with amino radicals should therefore be negligible 
compared to the reaction of hydrazine with hydrogen 
atoms. 

Arguments have already been adduced to show that 
the decomposition of one mole of hydrazine produced 
one mole of nitrogen but no ammonia. It was therefore 
concluded that hydrogen atoms reacted with hydrazine 
to produce nitrogen and hydrogen by the following 
reactions: 


H+N:2Hs—>H2+ NH, (7) 
H+ NeH;—Ho+ N-Hp, (8) 
NeH.--No+ He. (9) 


Ammonia has been shown to be a major product of 
the photodecomposition of pure hydrazine." This 
observation does not necessarily contradict the mecha- 
nism suggested above since in the hydrazine photolysis 
by 2537 A radiation, for example, the reaction probably 
proceeds by the following mechanism: 


NeoHgt+hre5377H+ NoHs, (1 1) 
H+N-2H.—He+ NoHs, (7) 
2N2H;—2NH3+ No. (12) 


The reaction of two hydrazyl radicals in the latter 
mechanism is important because the hydrogen atom 
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concentration is low due to the rapid reaction of 
hydrogen atoms with the substrate, hydrazine. In the 
ammonia decomposition the hydrogen atom-hydrazyl 
radical ratio is large and therefore reaction (12) is 
negligible compared to reaction (8). 

The detailed nature of a photochemical reaction 
studied under flow conditions is very complex since 
there are concentration gradients radially and in the 
direction of flow. However, most of the observations 
made during this investigation can be interpreted by 
the following sequence: 


(1) Hg6(So)+hv253->Hg6(?P1) 
(2) NH;+Hg6(?P:)—-NH2+H+Hg6('So) 


(3) NH2+H—-NH;* 

(4) NH;*—NH2+H 

(5) NH;*+NH;—2NH; 

(6) NH2+NH:2—-N2H, 

(7) H+N:2H.—H2+N2H; 

(8) H+N:2H;—>H2+N2He 

(9) NeoH2-N2+He | 
(10) H+ wall—}3 H.+ wall 


This mechanism explains in a satisfactory manner 
the changes in the ammonia decomposition which are 
observed when the linear flow rate is varied at a 
constant ammonia pressure. The incident light intensity 
and hence the rates of production of radicals and 
products are constant. As the linear flow rate is 
increased, a larger volume of gas passes through the 
irradiated zone in unit time and since the constant 
amount of reaction is distributed through this larger 
volume, the radical and product concentrations are 
decreased. The increase in the hydrazine-to-nitrogen 
ratio with increasing linear flow rates arises from the 
reduction in the concentrations of both hydrazine 
and H-atoms, thereby rendering reaction (7) less 
important. To illustrate this point, the data plotted in 
Fig. 7 were calculated. The method of calculation of 
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Fic. 7. The dependence of hydrazine decomposition 
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the hydrazine concentration in the ammonia stream at 
each linear flow rate has already been indicated. The 
percentage of the hydrazine which was decomposed 
was estimated for each flow rate at an ammonia 
pressure of 100 mm and is plotted as a function of the 
hydrazine concentration in the ammonia stream. The 
fraction of the hydrazine decomposed also depends, of 
course, on the hydrogen atom concentration which also 
would change with the linear flow rate. 

The importance of heterogeneous reaction on the 
walls of the reaction apparatus was difficult to assess 
in this investigation. The reaction was unchanged when 
a large surface area of platinum was added to the 
irradiated zone, despite the fact that platinum has been 
shown to be very effective in assisting the recombination 
of hydrogen atoms. The mercury present may have 
deactivated the platinum surface in this respect. 

The mechanism proposed above requires that all 
of the amino radicals react in the gas phase by reactions 
(3) and (6) before they are able to diffuse to the wall. 
The number of amino radicals which are able to diffuse 
to the walls should increase at higher linear flow rates 
and reduced substrate pressures. If amino radicals 
reached the walls, ammonia and nitrogen would 
probably be formed as well as hydrazine. If ammonia 
was formed, one would expect the quantum yield to 
depend on the linear flow rate at a given ammonia 
pressure. If nitrogen was formed at the walls one would 
expect high nitrogen-to-hydrazine ratios at high flow 
rates and low pressures. However, hydrazine was the 
only important nitrogen-bearing product in many 
experiments under these conditions. If amino radicals 
react only by reactions (3) and (6), the ratio of these 
two reactions must be independent of the linear flow 
rate since the concentration of hydrogen atoms and 
amino radicals have the same dependence on flow rate. 
Hence, the quantum yield would not depend on the 
linear flow rate. 

The hydrazine-to-nitrogen ratio should have increased 
at low pressures if hydrogen atoms were readily 
removed at the walls of the reaction vessel. In the 
photolytic flow experiments" the hydrazine-to-nitrogen 
ratio did not depend on pressure and in the mercury- 
photosensitized flow experiments the ratio decreased 
as the pressure was decreased if the flow rate was held 
constant. Thus the walls were inefficient in removing 
hydrogen atoms, perhaps because they were saturated 
with ammonia. 

The remarkable increase in the hydrazine-to-nitrogen 
ratio and the decrease in the amount of hydrogen 
obtained [except when the ethylene was quenching 
the mercury 6(*P;) atoms] when ethylene was added 
to the ammonia stream was undoubtedly due to the 
reduction of the hydrogen atom concentration by the 
rapid reaction of hydrogen atoms with ethylene. The 
quantum yield may also have increased but the effect 
of ethylene on the quantum yield was not established 


since the ethylamine product was not quantitatively 
determined. 

The decrease in the hydrazine-to-nitrogen ratio as 
the ammonia pressure was decreased at a particular 
flow rate is ascribed to an increase in the hydrogen 
atom concentration due to the quenching of mercury 
6(®P:) atoms by the hydrogen which formed in the 
ammonia stream. When ethylene was added to ammonia 
with a pressure in the range at which the hydrazine-to- 
nitrogen ratio was rapidly decreasing, the hydrogen 
quenching effect was counteracted and the hydrazine- 
to-nitrogen ratio was greatly enhanced. The hypothesis 
that the decrease in the hydrazine-to-nitrogen ratio at 
low pressures is due to hydrogen quenching is substan- 
tiated by the fact that the pressure at which the ratio 
starts to decrease is high when the linear flow rate is 
low because the hydrogen concentration and hence the 
hydrogen quenching increases as the linear flow rate 
decreases. The hypothesis is further substantiated by 
the results from the flow photolysis of ammonia,!! 
for in these experiments the hydrogen produced could 
not be photochemically decomposed and the hydrazine- 
to-nitrogen ratio did not decrease as the ammonia 
pressure was decreased. 

In a series of flow experiments it was observed that 
the hydrazine-to-nitrogen ratio increased as the incident 
light intensity was decreased. The amount of reaction 
per unit volume decreases as the light intensity is 
decreased and hence the increase in the hydrazine-to- 
nitrogen ratio is due to the decrease in the concentration 
(and hence reaction) of the hydrazine and hydrogen 
atoms. One would expect the percent hydrazine to 
approach 100 percent as the light intensity approaches 
zero. The increase in the quantum yield when the light 
intensity was increased cannot be interpreted in terms 
of the mechanism which has been proposed. Unfor- 
tunately, these experiments were done at a low ammonia 
pressure (29 mm) and heterogeneous reactions may 
have been important. No dependence of the quantum 
yield on light intensity at an ammonia pressure of 200 
mm was observed in the static experiments. 

Hydrogen inhibited the rate in the static experiments 
either when it was added to the reaction or when it was 
allowed to build up as a product of the reaction. This 
inhibition can be attributed to an increase in the 
concentration of atomic hydrogen from the quenching 
of mercury 6(°P;) atoms by hydrogen or to some 
reaction of molecular hydrogen itself. Since the reaction 
rate in the static photolysis of ammonia (in which 
hydrogen could not be photochemically decomposed to 
hydrogen atoms) was also lower than in the flow 
photolysis," the reaction rate inhibition is attributed to 
molecular hydrogen through the reaction 


NH.+H.—NH;+H. (13) 
However, the increase in the hydrogen atom concentra- 


tion from hydrogen quenching must have decreased 
the rate of ammonia decomposition also, in the static 
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DECOMPOSITION OF NH; 
mercury-photosensitized experiments. At low ammonia 
pressures a decrease in quantum yield was found in 
the static runs, under which conditions quenching by 
hydrogen should be significant. At similar substrate 
pressures, higher quantum yields were observed in the 
flow experiments and in the photolysis. The hydrogen 
atoms may have reduced the quantum yield by reaction 
(3). 

It has been implicitly assumed here that the sub- 
strate, ammonia, did not react with the radicals 
produced in the ammonia decomposition. Abstraction 
of a hydrogen atom from ammonia by an amino radical 
would leave the species unchanged. If a hydrogen atom 
abstracted a hydrogen atom from ammonia to form 
molecular hydrogen and an amino radical, the quantum 
yield would increase when hydrogen was added to the 
static mercury-photosensitized decomposition of am- 
monia. Actually the quantum yield became very small. 


PHOTOSENSITIZED BY Hg 6('P,) 


541 


CONCLUSIONS 


From this investigation we conclude that the primary 
photodecomposition of ammonia occurs with complete 
efficiency into hydrogen atoms and amino radicals. The 
low quantum yields which are observed under almost 
all experimental conditions are due to the reformation 
of ammonia by the recombination of hydrogen atoms 
and amino radicals. Molecular hydrogen can further 
reduce the quantum yield by reacting with the amino 
radicals to form ammonia. The primary recombination 
products of the hydrogen atoms and amino radicals are 
hydrazine, ammonia, and hydrogen. Nitrogen and hy- 
drogen are formed by the reaction of hydrogen atoms 
with hydrazine. The decomposition of the hydrazine 
can be prevented if the ammonia is made to flow rapidly 
through the system so that the hydrazine concentration 
is kept very low in the reaction zone and the hydrazine 
is collected outside of this zone. 
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from 7480 to 7880 cm~* 
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About two hundred lines have been observed in the spectrum of hydrogen sulfide between 7480 and 
7880 cm™. The absorption has been analyzed as due to three levels of the interacting Darling-Dennison 
pairs (2;02v3) = (201) (003) and (102)(300). The constants obtained were for (201)».=7576.3, A’=9.97, 
B’=8.54, C’=4.55 cm; for (300)»0= 7751.9, A’= 10.08, B’= 8.52, C’=4.54 cm; and for (003), »= 7779.2, 
A’=9.80, B’=8.68, C’=4.57 cm™. The (102) band, expected to be very weak, may be coincident with 
the (201) band and have approximately the same constants. 


INTRODUCTION 


HE preliminary quadratic expression for the 

unperturbed vibrational levels of hydrogen 
sulfide' permits the prediction of the position of bands 
previously unobserved. The (v122v3)= (201), (120), 
(300), and (003) bands should lie in the region from 
7500 to 7900 cm. The (201), (003) and (102), (300) 
pairs meet the criterion for Darling-Dennison interac- 
tion? and the positions predicted from the quadratic 
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= notation (ng%-ns)= (v3172) used in the previous articles of 

is series. 


expression will be split apart. Although the vibrational 
states are mixed, in what follows the vibrational designa- 
tion for the calculated unperturbed level will be applied 
to that component of the resonating pair which lies 
nearer the unperturbed value. 


EXPERIMENTAL 


The spectrograph used has been described in detail 
elsewhere.? The instrument was equipped with a 
twenty-one foot concave grating on a modified Eagle 
mount which provides automatic focusing at all 
wavelengths. The detecting element for the present 
work was an uncooled lead sulfide cell. Amplification 
was accomplished with a phase sensitive amplifier 
tuned to the chopping frequency of the incident beam. 

A carbon arc was used as a light source, and the 
absorption cell was the Bernstein and Herzberg? 


3 Bair, Cross, Dawson, Wilson, and Wise, J. Opt. Soc. Am. 43, 
681 (1953). 
4H. J. Bernstein and G. Herzberg, J. Chem. Phys. 16, 30 (1948). 
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FREQUENCY IN WAVE NUMBERS 


Fic. 1. The spectrum of hydrogen sulfide 7480-7880 cm~!. The maximum absorption shown is about 70 percent. 


modification of the White® multiple reflection cell. It 
was made from a copper tube 18 feet long and 10 inches 
in diameter, which held 10 moles of gas at one atmo- 
sphere. The mirrors were coated with an evaporated 
gold film. In the present work the absorption path was 


5 J. U. White, J. Opt. Soc. Am. 32, 285 (1942). 


through 140 feet of HsS at one atmosphere plus 42 
feet of atmospheric path. Tank hydrogen sulfide was 
distilled into the cell from a cold trap. 

Third-order iron lines were used for calibration and 
the line positions were reproducible with respect to 
the iron lines to within 0.1 cm. The observed spectrum 
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given in Fig. 1 represents an average of seven individual 
runs. 


ANALYSIS 


The method of analysis used in the hydrogen sulfide 
band at 6300 cm™ was applied.® 

The observed spectrum is quite complicated, which 
would be expected from the overlapping of four 
asymmetric rotor bands. In this connection a knowledge 
of the ground state is of immeasurable assistance. The 
difference between certain line positions depends only 
on the difference between certain ground-state energy 
levels. Thus for the strong P and R branch lines arising 
from transitions between the bottom J, levels we have 
for a type A band, 


(a? (T=) g4a La S41) -o-] 
= (F412) 90" — G— 1)” 


with similar relations for type B bands. It is thus 
possible to find series of lines which belong only to one 
band by locating a series of line pairs having the proper 
difference between lines of the pair and a reasonable 
convergence of the positions of the components of the 
pairs. When this series of lines in the P and R branches 
has been identified it is possible to make estimates of 
the position of the band center and of C’, since the 
energies of the low 7 levels are most strongly dependent 
on C’. Similarly, prominent lines in the Q branch arising 
from transitions between high 7 levels are most sensitive 
to changes in A’. Unfortunately there are no prominent 
features of the spectrum which depend strongly on B’, 
and it may be changed considerably without materially 
affecting the spectrum calculated. It is possible to 
obtain an estimate of B’ from a knowledge of the defect, 


A=I¢—Ia—Iz, 


which can be expressed as a linear function of the 
vibrational quantum numbers.® 

From these estimates of the moments of inertia a 
trial spectrum was calculated with the aid of previously 
published tables of energy levels and intensities and 


® Allen, Cross, and Wilson, J. Chem. Phys. 18, 691 (1950). 
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TABLE I. 

V1V203 v0 A’ B’ c 
003 7779.2 9.80 8.68 4.57 
300 7751.9 10.08 8.52 4.54 
201 7576.3 9.97 8.54 4.55 
102 (7576.3) (9.97) (8.54) (4.55) 








from the known ground state energy levels.’ The 
calculated and observed spectra were compared and 
the parameters adjusted until agreement was reached. 
The use of derivatives of the energy levels with respect 
to the reciprocal moments facilitated changing the 
spectrum corresponding to small changes in the 
moments without tedious recalculation of energy levels. 

The spectra calculated from the constants summar- 
ized in Table I are plotted in Fig. 1.8 The agreement 
with the observed spectrum is, in general, satisfactory, 
and in particular the fit of the strong Q branch and 
P and R branch wings is such that a change of more 
than about 0.2 percent in the inertial parameters would 
be incompatible with the data. . 

There is no real evidence for the occurence of the 
(102) band, and it may be assumed to be very weak 
and probably coincident with the (201) band. This 
might account for some of the absorption around 7585 
cm~!, In the similar case of the (211) band some transi- 
tions were accounted for by assuming a coincident 
(112) band.’ Both these cases of coincidence are in 
essential agreement with the calculated positions from 
the present best values of the coefficients in a quadratic 
representation of the vibrational energies. 

The authors wish to express their appreciation to 
Mr. John T. Lund and to Mr. William R. Shields for 
their assistance in this work. 


7King, Hainer, and Cross, J. Chem. Phys. 11, 27 (1943); 
Cross, Hainer, and King, J. Chem. Phys. 12, 210 (1944); P. C. 
Cross, Phys. Rev. 47, 7 (1935). 

8 Details of this comparison of observed and calculated values 
are given in Dr. Ordway’s thesis available from the University 
of Washington Library. It is intended eventually to file a summary 
of all H.S rotation-vibration data from this series with the 
American Documentation Institute. 

9 Innes, Cross, and Bair, J. Chem. Phys. 21, 545 (1953). 
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Infrared spectra were obtained between 400 and 4000 K with 
NaCl and KBr prisms. The a; fundamentals for CD;Br are 2157, 
993, and 578 K; for CH;Br they are 2972, 1305, and 611 K. For 
CD;Br, a least squares analysis of the observed wave numbers of 
the sub-bands of o¢(e) gave for B;, Ai,¢,and oo the values 0.255 K, 
2.529 K, 0.150, and 712.3 K; for o5(e) the values were 0.257 K, 
2.530 K, —0.339, and 1056.2 K. For o4(e) = 2293 K, the sub-bands 
were not resolved, but the sum rule gave ¢4,=0.240. The micro- 
wave value of Bo was used. The signs of B:—Bo for o¢ and a; are 
the same as those previously obtained for CH;I by use of the high- 
dispersion records of Lagemann and Nielsen. For CH;Br, a least 
squares analysis of the grating data of Bennett and Meyer gave 
for o¢(e) : 0.315 K, 5.144 K, 0.217, and 955.4 K; for o;(e) : 0.304 K, 
5.062 K, —0.242, and 1448.2 K; and for o4(e): 0.321 K, 5.153 K, 
0.064, and 3055.6 K. The sign of B;—Bo for o¢ is the same as for 
CH;I, but the signs for o; and o4 are reversed. This inconsistency 
is presumably due to the limited accuracy with which the two 


small constants B,—Bo and (Ai—B,)—(Ao—Bo) can be deter- 
mined by the least squares method. The most probable values of 
the band origins are believed to be, 954.5, 1443.8, and 3056.7 for 
CH;Br and 711.6 and 1056.4 K for CD;Br (o4 was not resolved, 
so no band origin could be obtained). Values of the principal po- 
tential constants are: f,=2.8631 md/A, f,=5.1199 md/A, 
Sin =0.53535 md A/rad?, and f>,=0.62871 md A/rad?. Values are 
given for 13 interaction constants. For CD;Br, the values of 
(H°—E.°)/T, —(F°—E,°)/T, S°, and C,° at 100, 273.16, 298.16, 
900, and 1550°K are, respectively: 7.95, 42.66, 50.61, 8.00; 8.75, 
50.86, 59.61, 11.07; 8.98, 51.63, 60.61, 11.68; 14.23, 64.09, 78.32, 
20.38; and 17.57, 72.74, 90.31, 23.44 cal deg mole. For CH;Br, 
the corresponding values are: 7.95, 41.41, 49.36, 7.97, 8.37, 49.51, 
57.88, 9.72; 8.50, 50.25, 58.75, 10.14; 12.63, 61.51, 74.14, 18.19; 
and 15.87, 69.25, 85.12, and 22.00. Values for 27 other tempera- 
tures in this range are given. 





INTRODUCTION 


HEN one of the principal moments of inertia of 
an axially symmetric CX3;Y molecule is much 
less than the other two, the sub-bands in the perpen- 
dicular (type e) bands below 2000 K can be resolved 
with a prism instrument. By using the wave number 
equation, the microwave value of the rotational con- 
stant Bo, and the observed wave numbers of the sub- 
bands, one can obtain by a least squares analysis the 
values of the rotational constants B,; and A,, the Coriolis 
interaction constant ¢, and the band origin oo. The 
accuracy obtainable, however, is somewhat limited by 
the fact that two of the constants to be determined are 
very small. 
This procedure, followed previously! for CHglI, is 
applied here to the molecules CH;Br and CD;Br. 
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Fic. 1. Infrared absorption of gaseous CH3Br. 


* Present address: Department of Chemistry, University of 
Michigan, Ann Arbor, Michigan. 
t Present address: Department of Physics, Lynchburg College, 
Lynchburg, Virginia. 
t Publication No. 105. 
( 1 Bernstein, Cleveland, and Voelz, J. Chem. Phys. 22, 193 
1954). 


Normal coordinate treatments and calculations of 
thermodynamic properties were also carried through 
for both molecules. 


INFRARED SPECTRAL DATA 


CD;Br was prepared (by A. Gordus) by brominating 
CD;OH, using KBr and H2SO,. It was dried by passing 
it through P,O;. The CD;OH was obtained from Tracer- 
lab, Inc. and had a stated isotopic purity of greater than 
95 percent CD;0H. The CH;Br was prepared in an 
analogous manner. The vapor pressures at 0°C of the 
CH3Br and CD;Br were 66.4 and 68.5 cm Hg, respec- 
tively. The corresponding literature values were 66.2 
and 68.3 cm Hg. 

The infrared spectra were obtained in the gaseous 
state at room temperature with an NaCl prism in a 
Perkin-Elmer double-beam, model 21, spectrophotom- 
eter. The pressures in the 10-cm cell were 29 and 37 
cm Hg for the CH;Br and CD;Br, respectively. The 
spectrum of CD;Br also was obtained with a KBr 
prism (Beckman IR-2 instrument) in the region 400- 
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Fic. 2. Infrared absorption of gaseous CH;Br. 
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1000 K. The transmission curves of both molecules for 
the entire region are shown in Figs. 1-5, while Figs. 6-9 
show, on an enlarged scale, the transmission curves in 
the regions of the a5 and o¢ bands. 

The infrared spectral data obtained for CH;Br are 
compared in Table I with previous Raman? and infra- 
red’ data for the gaseous state and with the calculated 
wave numbers. For the fundamentals, the calculated 
values are those obtained in the normal coordinate 
treatment. For the sub-bands of o¢(e) and o;(e), the 
calculated values are those obtained from the wave 
number equation! with constants evaluated from the 
grating data of Bennett and Meyer.‘ Nielsen and Ward® 
also obtained Raman lines at 610 and 2973 K for 
gaseous CH;Br. 

The present infrared data for CD;Br are compared 
with the previous data*-®.’? for the gaseous state and 
with the calculated wave numbers in Table II. Here too 
the calculated values for the fundamentals are those 
from the normal coordinate treatment, while those for 
the sub-bands of os and g¢ are those given by the wave 
number equation! with constants evaluated from the 
present data. 
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Fic. 3. Infrared absorption of gaseous CD3Br. 
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Fic. 4. Infrared absorption of gaseous CD3Br. 





toss Crawford, Thomas, and Love, Can. J. Phys. 30, 577 
52). 


*C. Courtoy, Ann. soc. sci. Bruxelles 60, 122 (1946). 

‘W. H. Bennett and C. F. Meyer, Phys. Rev. 32, 888 (1928). 
*J. R. Nielsen and N. E. Ward, J. Chem. Phys. 10, 81 (1942). 
°C. Courtoy, Ann. soc. sci. Bruxelles 66, 173 (1952). 

‘H. D. Noether, J. Chem. Phys. 10, 664 (1942). 
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Fic. 5. Infrared absorption of gaseous CD3Br. 
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Fic. 6. Infrared absorption of gaseous CH;Br in the 
region of the o¢(e) band. 
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Fic 7. Infrared absorption of gaseous CH;Br in the 
region of the o;(e) band. 


ROTATIONAL ANALYSIS OF THE PERPENDICULAR 
BANDS 


‘Using the observed wave numbers of the sub-bands 


of the type e bands, together with the microwave 
values®® of Bo, the rotational constants B; and Aj, the 


8 J. W. Simmons and J. H. Goldstein, J: Chem. Phys. 20, 122 


(1952). 


9 J. W. Simmons and W. O. Swan, Phys. Rev. 80, 289 (1950). 
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TaBLE I. Raman and infrared spectral data, assignments, and calculated wave numbers for gaseous CH;Br.* 




















Raman Infrared Theoretical 
Welsh et al. Courtoy Present results Present results 
Ao I o o I Cc Assignment Type 
609 188 tee 611> s 618 o3 a 
667 ? 
681 moe iene ? 
tee 892.4 } 892.1 AK=-—1, K=9 
899.3 899.1 AK=—1,K=8 
906.4 906.0 AK=-—1, K=7 
tee 913.2 913.1 AK=—1, K=6 
918 920.5 920.3 AK=-—1, K=5 
tee 927.5 927.4 AK=-—1, K=4 
938 934.9 934.6 AK=-—1, K=3 
F vee 944.5 941.8 AK=-—1, K=2 
*) tee oo 949.6 949.2 AK=-—1, K=1 
2 956 ~0.4 954.5° | s 9534 v6 e 
< tee tee 956.7 956.6 AK=+1, K=0 
Cc: tee 964.4 964.0 AK=+1, K=1 
=) 974 972.4 971.6 AK=+1, K=2 
-:: tee 979.8 979.2 AK=+1, K=3 
= tee 987.8 986.9 AK=+1, K=4 
- 990 994.8 994.5 AK=+1, K=5 
a tee 1003.9 1002.2 AK=+1, K=6 
= 1009.6 1010.1 AK=+1, K=7 
rf 1018.0 1018.1 AK=+1, K=8 
1026.0 J 1026.0 AK=+1, K=9 
c 1090.5 P 
x ; 1102.5 9) m ? 
8° nabs ‘ian we 1117.1 R 
Bi vee vee 1124 1171 P 
tee tee 1176 1178.4 o| m 1222 203 A; 
t 1193 1192.4R 
= vee vee 1299 1293 P 
es 1309 11 ee 1305.1 ol vs 1290 o2 ay 
* tee tee 1319 1318.1 R 
= vee 1339.3 } 1338.9 AK=-1, K=9 
7’ 1353.8 1352.0 AK=-—1, K=8 
zg 1365.5 1364.3 AK=-—1, K=7 
& 1378.9 1377.2 AK=—1, K=6 
a: tee 1390.9 1390.0 AK=-—1, K=5 
3. 1401 1401.8 1402.2 AK=-—1, K=4 
= tee 1417.4 1414.4 AK=—1, K=3 
= 1424 1427.6 1426.4 AK=-—1, K=2 
ree vee tee 1439.3 } 1438.4 AK=~-—1, K=1 
1456 57 1443.8¢ s 14534 os e 
vee tee tee 1451.4 1450.4 AK=+1, K=0 
1464 1465.3 1462.3 AK=+1, K=1 
tee 1475.6 1474.2 AK=+1, K=2 
1487.5 1486.0 AK= +1, K=3 
tee 1499.3 1497.7 AK=-+1, K=4 
1511 1509.3 1508.8 AK=-+1, K=5 
1650 1521.5 1519.9 AK=+1, K=6 
cane rnd w 1909 20s Ai+E 
tee 2211 
— 2 w 2259 ortos E 
2283 2277 
vee 2394 w 2398 ostos AitA2tE 
reas 2564 2586 x 2610 Das A 
oes 2855 Ss 2870 a2t+o3+06 E 
2862 27 c. 2878 s 2888 205 Ai +E 
2972 172 2994 2972 vs 2965 o1 a 
3068 133 3060° 3056.7¢ m 30824 o4 e 
eee eee 3080¢ eee eco coe ? eee 
3690° 3575 w 3583 oites Ai 





—— 





® Here Ao =Raman displacement (vacuum) in K; J =relative intensity (s =strong, m =medium, w =weak, vy =very) 3o 
measured at the point of maximum absorption; ¢- =calculated wave number in K; ~ indicates that the value is approximate; and P, Q, 


branches of a band. 


b Value given by E. F. Barker and E. K. Plyer, J. Chem. Phys. 3, 367 (1935). 


¢ Band origin, see text and Table VI. 


4 Value obtained in the normal coordinate treatment, not the band origin. 


e Value obtained with a quartz prism. 


=wave number (vacuum) in K 
and R designatt 
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Coriolis interaction constant ¢, and the band origin oo 
were obtained by a least squares calculation as pre- 
viously described.! For CH;Br, the grating data‘ were 
used. For CD;Br, however, the present data were used. 
The values of Ao were obtained from the structural 
parameters.” The values of Bo for the CH;Br and CD;Br 
were respectively, 0.319 and 0.257 K; the corresponding 
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values of Ao were 5.083 and 2.543 K. The J, values! are 
given in Table III. 

The values thus obtained for the molecular constants 
are given in Table IV. Some indication as to the re- 
liability of these constants may be obtained by com- 
paring the values of B,;— By for these two molecules 
with the previous results' for C"H;I and C"H;I. Such 


TABLE II. Infrared spectral data, assignments, and calculated wave numbers for gaseous CD;Br.* 























Infrared 
Courtoy Noether Present results Theoretical 
o a I o I Cc Assignment Type 
566 564.9 P 
577 5 577.90 5 572 os a 
588 587.4 R) 
0s - 690.4 ) 690.4 AK=—1, K=6 
695 tee 694.1 694.2 AK=-—1, K=5 
tee tee 697.9 697.9 AK=-—1, K=4 
702.0 701.7 AK=—-1, K=3 
705.5 705.4 AK=-—1, K=2 
709.1 709.2 AK=—1, K=1 
tee tee 711.6° m 715 o6 € 
714 er 712.8 713.0 AK=+1, K=0 
tee 717 m 716.6 716.8 AK=+1, K=1 
. 720.5 720.8 AK=+1, K=2 
724.6 724.5 AK=+1, K=3 
728.5 728.4 AK=+1, K=4 
732.1 ida AK=+1, K=5 
736.1 736.0 AK=+1, K=6 
740.3 740.0 AK=+1, K=7 
743.8 743.9 AK=+1, K=8 
747.7 747.8 AK=+1, K=9 
see tee 751.8 J 751.8 AK=+1, K=10 
803 790¢ w 802.2 P | 
tee See 816.1 O > w ? 
826 ie 824.2 RJ 
980 978 981.4 P 
ee 987 Ss 993.4 QO vs 991 a ay 
1002 999 1002.4 R 
ee tee 1022.3 ) 1022.3 AK=-—1, K=6 
1028.5 1028.7 AK=-—1, K=5 
1035.2 1035.1 AK=—1, K=4 
ie 1041.4 1041.5 AK=-—1, K=3 
1048 tee 1047.6 1047.8 AK=—1, K=2 
3 1053 Ss 1054.4 1054.1 AK=-—1, K=1 
ee 1056.4 s 1052 os € 
1059.9 1060.3 AK=+1, K=0 
1067.1 1066.6 AK=+1, K=1 
cee tee 1072.9 1072.8 AK=+1, K=2 
1082 tee 1079.2 r 1079.0 AK=+1, K=3 
cee tee 1085.5 1085.2 AK=+1, K=4 
1091.0 1091.3 AK=+1, K=5 
1097.7 1097.4 AK=+1, K=6 
1103.5 1103.5 AK=+1, K=7 
1109.1 1109.5 AK=+1, K=8 
1115.2 1115.5 AK=+1, K=9 
1121.5 1121.5 AkK=+1, K=10 
1127.9 1127.5 AK=+1, K=11 
1133.6 1133.4 AK=+1, K=12 
ods ee 1139.6 1139.4 AK=+1, K=13 
1152 see i161.1 w tee ? 
oo tee 1198.0 P| 
id ~1200 w 1209.4 QO; m ? 
1221 a 1221.5 RJ 
1241 12394 Ss tee ? cee 
1266 eat are ime — rs ? ne 
= 1294 ees oe 1294.0 w 1290 ostos E 
1K “ees 
ate * The symbols have the same meaning as in Table I. 


> Band origin, see text and Table VI. 


purity band. 
Ascribed to an impurity by Noether. 
eS 


” Miller, Aamodt, Dousmanis, Townes, and Kraitchman, J. Chem. Phys. 20, 1112 (1952). 


. © Assigned by Noether as CD2HBr bands, though he was not sure of this assignment for the 790 band and the 3035 band he believed to be mixed with an 
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TABLE II.—Continued. 











Infrared 
Courtoy Noether Present results Theoretical 
o o I o I Oc Assignment Type 

1311 13084 vw ? 

eee 13774 m eee owe es ? eae 
1414 ee tee 1409 w 1408 202—¢3 A, 
1548 +27 wii 1568 w 1571 oot+o3 A, 
1698 tee tee 1721 w 1715 O4—03 E 
A 17624 Ss 1754 w 1768 ostos Ai +AotEk 
rhe — oe _ 2112 de. A\+E 
2137 2152 vs 2157 vs 2119 o1 ay 

tee tee tee 2205 w 2212 203;+035 E 
2294 2294 m 2293 m 2278 o4 e€ 
oat. si “2 2979 Sey A, 
3005.2 Q os9 ag 3000 m 3005 ostos A;+AstE 
3026.5 QO 3035¢ m toe tee tee ? see 
3330.2 3350 w 3301 m 3349 oyto5 A,;+A2tE 











a comparison is given in Table V. The most reliable 
results are those for C"H;I since for this molecule the 
high-dispersion grating records of Lagemann and 
Nielsen!' were used.” For the other molecules, no grating 
records of sufficiently high dispersion were available; 
consequently, the values for these molecules were de- 
termined by the least squares calculation alone. For 
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Fic. 8. Infrared absorption of gaseous CD;Br in the 
region of the o¢(e) band. 





1! R. T. Lagemann and H. H. Nielsen, J. Chem. Phys. 10, 668 
1942). 

12 The method was as follows. The intensity in the Q branch of 
of the K=0, AK=-+1, sub-band rises rapidly to a maximum as J 
increases, then drops slowly back to zero with further increase 
in J. The value of J at the beginning is zero and at the peak is Jm. 
The difference in the wave numbers at J=0 and J=J» is 
Im(JIm+1)(Bi— Bo). Measuring the difference in wave numbers 
from the grating records and knowing Jm, the value of Bi—Bo 
can be found. If o increases as J increases, B,;— Bo is + ; otherwise 
it is —. Since the shape of the curve could be determined in the 
records of LN for C"H3I, the signs of B;— Bo could be reliably 
determined. Hence it is believed that the signs in Table V for 
C"H,I are the correct ones. 


a¢(e), for which the observed wave numbers were most 
reliable, the B,;—B o values of the four molecules all 
have the same sign and about the same order of magni- 
tude as one would expect. 

For o5(e), the signs of B,— By are wrong for C"H;I 
and CH3Br, and the value for CD;Br—while it has the 
right sign—is much smaller than that for C?H3I. For 
o4(e), the sub-bands were not resolved for CHI or 
CD;Br, but for CH;Br the sign is wrong. It thus ap- 
pears that, while the values of the molecular constants 
given in Table IV for the o; band of CD;Br may not be 
too bad, the values given for the a5 and o4 bands of 
CH;Br are probably not too good. 

The values of A; and ¢ are not too sensitive to errors 
in B;, but the value of the band origin oo is more sensi- 
tive. Hence the listed band origin for the o; band of 
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Fic. 9. Infrared absorption of gaseous CD;Br in the 
region of the o5(e) band. 
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CD;Br is uncertain, while those of the o; and o,4 bands 
of CH3Br are more uncertain. 

This difficulty arises from the necessity of determin- 
ing two very small constants (B;—Bo) and (Ai—B;) 
—(Ap—Bo) in the wave number expression by the 
method of least squares alone. This cannot be very 
reliably done. However, one cannot get around this 
difficulty by ignoring the (B,— Bo) term for these mole- 
cules since the value of Jm(Jm+1) varies from 342 to 702 
and therefore the contribution of Jm(Jm+1)(Bi— Bo) 
can be significant even if B,—Bo is quite small. To 
ignore it would be to falisify the values of the other 
constants. 

It is possible to obtain oo in another way. This is done 
by substituting for o,,°"” in the wave number equation! 
the wave number of the first line in the negative branch 
(AK=—1, K=1), and solving for oy. This gives 


4K=-—1 
+Ao— Bo— (Bi— Bo) I m(Im+1). (1) 


0= (om) 


TABLE ITI. Values of J», for the sub-bands of the type e 








Negative branch (AK = —1) Positive branch (AK = +1) 
Jm Jm 

K CH3Br CDsBr K CH3Br CD3Br 
13 24 0 18 20 
12 23 1 18 20 
11 22 2 18 20 
10 22 3 18 20 
9 21 4 18 20 
8 20 tee 5 19 20 
7 20 ZZ 6 20 22 
6 19 a2 7 20 22 
5 18 20 8 20 23 
4 18 20 9 21 24 
3 18 20 10 22 24 
2 18 20 me 4 23 24 
1 18 20 12 24 26 
13 24 26 








TABLE IV. Molecular constants for CH;Br and CD;Br. 











Fundamental Quantity CH3Br CD3Br 
B, 0.315 0.255 
(e) A, 5.144 2.529 
nor ¢ 0.217 0.150 
oo 955.4 712.3 
B, 0.304" 0.257 
s(e) Ay 5.062 2.530 
wut c —0.242 —0.339 
oo 1448.2 1056.2 
B, 0.3218 
(e) Ay 5.153 vee 
ines t 0.064 (0.240)> 
oo 3055.6¢ vee 








* The sign of Bi —Bo is opposite to that previously obtained for C!#HsI by 
use of the high-dispersion grating records of LN, reference 11, which does 
Not seem reasonable since the symmetry is the same and since the off-axis 
atoms are hydrogens in each case. Hence this value is probably not reliable. 

> Obtained by the zeta sum rule of M. Johnston and D. M. Dennison, 

hys. Rev. 48, 868 (1935). 

* The oo values 955.4 and 712.3 seem fairly certain, the value 1056.2 un- 
Tele Vn the values 1448.2 and 3055.6 more uncertain. See text and 

able . 
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TABLE V. Comparison of the B,;— Bo values for 
C"H;I, C8H;I, CH;Br, and CD;Br. 











Molecule o6(e) os(e) o4(e) 
C2H;I —0.001 +0.001; — 0.002; 
C3H,I — 0.001; — 0.0002 tee 
CH;Br — 0.004 —0.015 +0.002 
CD;Br — 0.002 +0.0002 tee 





TABLE VI. Band origins oo for the perpendicular bands of C“H,I, 
CH;Br, and CD;Br for various values of B;— Bo. 





Band origin oo in K 





Least square Bi—Bo Same values Probable 
Molecule Band values =0 as for C®H3I values 
a6 879.08 878.5» 878.9» 878.7¢ 
C3H;I 5 1434.1* 1434.1 1433.5 1433.8 
a,  (3052.8)* afte a a 
v6 955.4 954.4 954.7 954.5 
CH;Br os 1448.2 1444.1 1443.6 1443.8 
o4 3055.6 3056.3 3057.1 3056.7 
o% 712.3 711.4 711.8 711.6 
CD;Br os 1056.2 1056.7 1056.1 1056.4 
o4 wee eae ex TT 





® From reference 1, page 197, Table V. 
b Values in this column are from Eq. (1). 
© Mean of the values in the last two columns. 


Values calculated from this equation with B,—Bo=0 
and with B,;— By the same as for C”H3I (for which the 
values of B;— Bo were more accurately determined from 
the grating records of LN") are compared with the least 
square values of the band origins in Table VI. The mean 
of the two values calculated from Eq. (1) for each of 
the bands is considered to be the probable value of ao, 
since it seems likely that the signs for B;— By would be 
the same for these similar molecules as for C’"H;I and 
since the magnitudes of B,— Bo probably lie between 
zero and values which are approximately the same as 
those for C’H;I. More reliable values of a) must await 
the results of high-dispersion grating or microwave 
work. These are the best values that can be given at 
present. 


TABLE VII. Potential constants for CH;Br and CD;Br.* 











Constant» Value Constant Value 
fo 2.8631°¢ fre 0.06965 
te 5.1199 frrbhm f rh’ —0.05535 
So 0.05890 finn 0.53535 
Fat —0.00781 tus 0.62871 
fob 0 far? — 0.01600 
Fro" 0.25970 fue” —0.01516 
Fn®* 0.15645 For™ 0.01000 
Frebh — 0.06855 fon™* 0 





® Bond stretching and bond interaction constants are in md/A; angle- 
bond interaction constants are in md/rad; and angle and angle interaction 
constants are in md A/rad?. 

b For notation, see Davis, Cleveland, and Meister, J. Chem. Phys. 20, 
454 (1952). In brief, b=Br, A =H or D, bh = Br—C —H, etc. 

¢ This number of significant figures is not justified by the accuracy of the 
data, but is retained to avoid calculation errors and to obtain consistency 
in the calculations. 
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TABLE VIII. Calculated and observed wave numbers for gaseous 
CH3Br and CD;Br. 








Wave numbers in kaysers 





CH3Br CD3Br 
Calcu- Ob- Calcu- Ob- 
Designation Degeneracy lated served lated served 
o1(a1) 1 2965 2972 2119 2157 
o2(a1) 1 1290 1305 991 993 
o3(a1) 1 618 611" 572 578 
o,(e) 2 3082 3057» 2278 2293¢ 
o5(e) 2 1453 1444> 1052 1056” 
oe(e) 2 953 955» 715 712 








® Observed by Barker and Plyler, see Table I, reference b. 

b Band origin, (see Table VI). 

¢ Not band origin but wave number at point of maximum absorption; 
the sub-bands were not resolved. 


NORMAL COORDINATE TREATMENTS 


Normal coordinate treatments (Wilson FG matrix 
method) were carried out for the two molecules, using 
the most general quadratic potential function. The 
symmetry coordinates and the F and G matrix elements 
were the same as those used previously” for CF3Br 
and CF3lI, except that F and f are replaced by H and h, 
respectively. An initial set of potential energy con- 
stants was chosen from a table of values for similar 


molecules investigated in this laboratory. Successive 
modifications of these were made until a single set of 
constants was obtained that gave satisfactory agree. 
ment between the calculated and observed wave 
numbers for both CH;Br and CD;Br. This final set of 
potential constants is given in Table VII and a com- 
parison of the observed and calculated wave numbers 
is given in Table VIII. 


THERMODYNAMIC PROPERTIES 


The heat content, free energy, entropy, and heat 
capacity at constant pressure were calculated for each 
molecule for 32 temperatures between 100 and 1550°K 
with the rigid rotator, harmonic oscillator approxima- 
tion. The wave numbers used were those given in 
Table VIII (observed values). The values used for the 
principal moments of inertia 74 and Jg in awu A? and 
for I4Ip” were, respectively: for CH;Br, 3.313, 53.07, 
9.331-10*; and for CD;Br, 6.625. 66.85, and 2.961 - 10*. 
The results are given in Table IX. 

Previous thermodynamic data have been calculated 
for CH;Br by Stevenson and Beach," Egan and Kemp," 
and by Gelles and Pitzer.!® No previous thermodynamic 
data were found for CD3Br. 


TABLE IX. Heat content, free energy, entropy, and heat capacity of CH;Br and CD;Br for the 





ideal gaseous state at 1 atmos pressure.* 











(H° —Eo°)/T —(F°—E)/T So Cp® 
T (°K) CH3Br CD3Br CH3Br CD;3Br CHsBr CD3:Br CHsBr CD3;Br 
100 7.95 7.95 41.41 42.66 49.36 50.61 7.97 8.00 
150 7.98 8.02 44.64 45.89 52.62 53.91 8.18 8.42 
200 8.09 8.23 46.95 48.22 55.04 56.45 8.66 9.33 
250 8.27 8.56 48.77 50.09 57.04 58.65 9.35 10.50 
273.16 8.37 8.75 49.51 50.86 57.88 59.61 9.72 11.07 
298.16 8.50 8.98 50.25 51.63 58.75 60.61 10.14 11.68 
300 8.52 8.99 50.30 51.69 58.82 60.68 10.17 11.72 
350 8.81 9.46 51.62 53.11 60.43 62.57 11.06 12.88 
400 9.15 9.96 52.83 54.40 61.98 64.36 11.93 13.94 
450 9.51 10.45 53.93 55.61 63.44 66.06 12.77 14.89 
500 9.87 10.94 54.95 56.73 64.82 67.67 13.56 15.75 
550 10.24 11.41 55.91 57.80 66.15 69.21 14.29 16.53 
600 10.61 11.87 56.82 58.81 67.43 70.68 14.97 17.23 
650 10.97 12.31 57.68 59.78 68.65 72.09 15.60 17.88 
700 11.32 12.13 58.51 60.70 69.83 73.43 16.19 18.48 
750 11.66 13.13 59.30 61.60 70.96 74.73 16.74 19.02 
800 12.00 13.51 60.06 62.46 72.06 75.97 17.25 19.51 
850 12.32 13.88 60.80 63.29 13.12 77.17 17.73 19.97 
900 12.63 14.23 61.51 64.09 74.14 78.32 18.19 20.38 
950 12.94 14.56 62.20 64.87 75.14 79.43 18.61 20.76 
1000 13.23 14.88 62.88 65.62 76.11 80.50 19.00 21.10 
1050 13.51 15.18 63.53 66.36 77.04 81.54 19.38 21.42 
1100 13.79 15.47 64.16 67.07 77.95 82.54 19.72 21.71 
1150 14.06 15.75 64.78 67.76 78.84 83.51 20.05 21.96 
1200 14.31 16.02 65.39 68.44 79.70 84.46 20.35 22.21 
1250 14.56 16.27 65.97 69.10 80.53 85.37 20.64 22.43 
1300 14.80 16.51 66.55 69.74 81.35 86.25 20.90 22.64 
1350 15.03 16.74 67.11 70.37 82.14 87.11 21.15 22.82 
1400 15.25 16.96 67.67 70.98 82.92 87.94 21.39 23.00 
1450 15.47 17.17 68.20 71.58 83.67 88.75 21.61 23.16 
1500 15.67 17.37 68.73 72.17 84.40 89.54 21.81 23.30 
1550 15.87 17.57 69.25 72.74 85.12 90.31 22.00 23.44 








® The units are cal deg! mole™. 











13 McGee, Cleveland, Meister, Decker, and Miller, J. Chem. Phys. 21, 242 (1953). 
4D. P. Stevenson and J. Y. Beach, J. Chem. Phys. 6, 25 (1938). 
16§C. J. Egan and J. D. Kemp, J. Am. Chem. Soc. 60, 2097 (1938). 


16 FE. Gelles and K. S. Pitzer, J. Am. Chem. Soc. 75, 5259 (1953). 
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Thermodynamic Properties of Nitrogen Trifluoride from 12°K to Its Boiling Point. 
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The heat capacity of nitrogen trifluoride has been measured from 12° to 144°K. The heat of the transition 
at 56.62°K was found to be 361.8 cal/mole. The heat of fusion at the triple point temperature, 66.37°K, 
was found to be 95.1 cal/mole. The heat of vaporization at the normal boiling point, 144.15°K, was found 
to be 2769 cal/mole. The vapor pressure has been measured, and the data are closely represented by the 


equation 


logioP mm = — 673.5828/T + 1.869858 logioT —0.00783355T +-4.64615. 


The entropy of nitrogen trifluoride gas has been calculated from the calorimetric data and the third law of 
thermodynamics to be 54.50 cal/deg/mole at 144.15°K. This value agrees very well with the value 54.61 
calculated from spectroscopic data and structural parameters which include a pyramidal model for the 


molecule. 


HIS paper presents the results of a low-tempera- 

ture investigation of nitrogen trifluoride. These 

data, with the aid of the third law of thermodynamics, 

are correlated with the structural parameters and the 
vibrational spectrum of the gas. 

At one time, it was concluded that nitrogen trifluoride 
was nearly planar, and the conclusion seemed to be in 
accord with the small dipole moment observed for this 
compound.' Accurate structural investigations later 
proved that it was definitely not planar, and reasonable 
arguments were offered to explain the small dipole 
moment.*:* The calculated entropy difference between 
the accepted pyramidal model (F—N—F bond angle 
= 102°9’)* of nitrogen trifluoride, and the planar model, 
assuming the N—F bond distance to be unchanged, is 
0.46 eu. It was the purpose of this research to take 
calorimetric data accurate to +0.1 eu in order to check 
the bond angle to within a few degrees, and thus to 
confirm the structure of the molecule. 


THE CALORIMETRIC SAMPLE 


The preparation and purification of the calorimetric 
sample has been previously described.® 
The sample was introduced into the calorimeter by 





*Taken in part from a thesis submitted by Louis Pierce to the 
Faculty of Arts and Sciences of Western Reserve University in 
partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 

‘Bailey, Hale, and Thompson, J. Chem. Phys. 5, 274 (1937). 

* Watson, Kane, and Ramaswamy, Proc. Roy. Soc. (London) 
A156, 130 (1936). 

419 a Shomaker and Chia-Si Lu, J. Am. Chem. Soc. 72, 1182 


‘John Sheridan and Walter Gordy, Phys. Rev. 75, 513 (1950). 
* Louis Pierce and E. L. Pace, J. Chem. Phys. 22, 1271 (1954). 


direct weighing. A small monel cylinder weighing about 
200 grams and having a capacity of 100 cc was used for 
this purpose. The cylinder was equipped with a Teflon- 
packed needle valve and tapered ground glass joint 
to facilitate connection to vacuum lines. It was possible 
to evacuate the cylinder to better than 10->mm of 
mercury. The sample was weighed both before and after 
the calorimetric measurements. The two weights agreed 
within 0.006 g (0.01 percent). 

All of the calorimetric measurements, with the excep- 
tion of the triple point temperature,> were made on a 
single sample. 


THE HEAT CAPACITY MEASUREMENTS 


Pace ef al.6 have given a brief description of an 
adiabatic calorimeter that is similar to the one used in 
making these measurements. 

Temperature measurements were made with a 
platinum resistance thermometer. The thermometer 
has an ice-point resistance of 25.5 ohms and was 
calibrated by the National Bureau of Standards. 
Temperatures are reported on the basis of 273.16°K 
as the ice-point temperature. One calorie is taken equal 
to 4.1840 absolute joules. The heat capacities as meas- 
ured are listed in Table I. The values at rounded tem- 
peratures are given in Table II. 

The saturation heat capacities were calculated from 
the equation 


d dP 
C.=M/n| (6G) T—(V —m)— | (1) 
dT dT 


6 Pace, Sasmor, and Heric, J. Am. Chem. Soc. 74, 4413 (1951). 
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TABLE I. The molar heat capacity of nitrogen trifluoride. Mol. 
wt. 71.008; 0.64977 mole; 0°C=273.16°K; 1 cal=4.184 abs. 














joules. 
Temp. Cs, cal/ Temp. Cs, cal/ 

— deg/mole Series _ deg/mole Series 
12.67 2.098 I 83.99 16.99 VI 
12.95 2.154 II 85.69 16.99 IX 
14.69 2.946 I 86.85 16.96 xX 
15.45 3.284 II 87.59 16.94 Vil 
17.47 4.077 I 89.55 16.91 VIII 
18.73 4.549 II 89.75 16.90 VI 
20.70 5.300 I 91.49 16.90 IX 
22.29 5.828 II 92.58 16.86 xX 
24.61 6.596 I 93.27 16.84 VII 
26.30 7.118 II 95.26 16.81 VII 
29.30 7.938 I 95.36 16.81 VI 
31.20 8.368 II 97.15 16.79 IX 
34.21 9.046 I 98.19 16.77 xX 
36.71 9.526 Il 98.83 16.76 VII 
39.24 9.984 I 100.86 16.75 Vill 
42.66 10.59 II 102.68 16.72 IX 
44.80 10.95 I 103.70 16.72 xX 
48.38 11.63 II 104.28 16.71 VII 
50.47 12.04 I 106.35 16.71 vill 
52.57 12.47 Ill 108.12 16.72 IX 
53.24 12.63 IV 109.09 16.71 xX 
54.09 12.79 V 109.62 16.68 VII 
54.44 12.90 VI 111.75 16.70 VIII 
56.62 Transition 113.46 16.71 IX 
58.41 16.52 Ill 114.40 16.70 xX 
59.51 16.50 VII 117.05 16.71 Vill 
60.47 16.54 V 119.61 16.72 X 
62.42 16.56 III 122.25 16.77 Vill 
63.36 16.60 VI 124.72 16.82 X 
63.55 16.59 VII 127.37 16.86 Vill 
66.37 Melting point 129.77 16.92 xX 
70.10 ied VI 132.40 17.01 Vill 
70.30 17.29 Vil 134.71 17.11 xX 
74.53 17.16 VI 137.34 17.16 Vill 
75.99 17.14 vil 139.58 17.25 xX 
78.56 17.09 VI 142.21 17.40 Vill 
81.76 17.04 vil 143.77 11.37 X 
83.70 17.00 Vill 144.15 Boiling point 








where G is the heat capacity of the calorimeter when it 
contains m grams of sample; Go, the heat capacity of the 
empty calorimeter; V, the volume of the calorimeter in 
cc; v, the specific volume of the sample; /, the molec- 
ular weight of the sample; and P, the vapor pressure. 


TABLE II. The molar heat capacity of nitrogen trifluoride. 
Values taken from smooth curve through observations. Mol. wt. 
71.008; O°C=273.16°K; 1 cal=4.184 abs. joules. 











Temp. Cs, cal/ Temp. Cs, cal/ 
“K deg/mole °K deg/mole 
Crystal I 80 17.07 
15 3.077 85 16.98 
20 5.031 90 16.90 
25 6.719 95 16.82 
30 8.100 100 16.75 
35 9.193 105 16.71 
40 10.12 110 16.69 
45 10.99 115 16.70 
55 11.95 120 16.74 
Crystal II 125 16.81 
60 16.53 130 16.93 
65 16.62 135 17.08 
Liquid 140 17.26 
70 17.27 
75 17.17 
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The specific volumes were calculated from the density 
data determined by Ruff.’ No premelting corrections 
were applied, as no abrupt change in the slope of the 
heat-capacity curve below the melting point was 
observed (see Fig. 1). 

The deviations of the measured heat capacities from 
a smooth curve are shown in Fig. 2. They indicate a 
precision of about 0.1 percent above 25°K. The pre- 
cision of the measurements on the empty calorimeter 
was better than 0.1 percent above 25°K, approaching 
about 0.03 percent in the higher temperature ranges, 
The decrease in precision below 25°K is due mostly to 
the decreased sensitivity of the thermometer. 


THE HEAT OF TRANSITION AND TRANSITION 
TEMPERATURE 


The heat of transition was determined in the following 
manner. Starting slightly below the transition tempera- 
ture sufficient heat was added to the calorimeter to 
transform the entire sample and to raise the temperature 
slightly above that of the transition. Correction was 
then made for /C,dT. The data are listed in Table III. 


TABLE III. Heat of transition of nitrogen trifluoride. Mol. wt. 
71.008; 0.64977 mole; transition temp. 56.62°K ; 0°C = 273.16°K; 
1 cal=4.184 abs. joules. 








Temp. Cor. heat 
interval input cal/ S CpdT 
<= mole cal/mole AHtrans. 
54.603-57.173 417.3 54.5 362.8 
55.932-57.250 390.6 29.4 361.2 
56.117-57.470 392.1 30.8 361.3 


Average 361.8 





TABLE IV. Equilibrium temperatures of the transition of 
nitrogen trifluoride. 0°C = 273.16°K. 





Percent transformed Temperature °K 





18.8 56.60 
38.9 56.62 
59.0 56.62 
75.2 56.63 
91.0 56.65 


Average 56.62 








In determining the transition temperature, the sample 
was first cooled to 50°K and then warmed into the 
transition. Five measurements were then taken over 4 
period of about eight hours with various percentages of 
solid transformed. The data are summarized in Table 
IV. The measured transition temperature was 56.62°K. 
Ruff and Menzel,® using a less refined apparatus, report 
a value of 54°K. 


70. Ruff, Z. anorg. u. allgem. Chem. 197, 273 (1931). 
80. Ruff and W. Menzel, Z. anorg. u. allgem. Chem. 217, % 
(1934). 
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THE HEAT OF FUSION AND THE TRIPLE POINT 
TEMPERATURE 


The data for the heat of fusion are listed in Table V. 

The measurement of the heat of fusion was made in 
the same manner as that for the heat of transition. 
No premelting correction was made in applying the 
JC,dT correction since the heat capacity curve did 
= not show the usual change in shape due to premelting. 

The triple point temperature has been discussed pre- 
viously.> From these data and the heat of fusion, the 
amount of liquid soluble-solid insoluble impurity was 
| calculated to be 0.001 mole percent. 





THE HEAT OF VAPORIZATION 


= All calorimetric measurements excepting the heat 
of vaporization were made using a heater which was 





le wrapped around the thermometer case. The thermom- 
he 
4 TaBLE V. Heat of fusion of nitrogen trifluoride. Mol. wt. 


; 71.008; 0.64977 mole; triple point 66.37°K; 0°C=273.16°K; 
0 1 cal= 4.184 abs. joules. 








le —! ——— ——————— ——— 4 
4 Temp. Cor. heat 
interval input cal/ S CpdT 
rt °K mole cal/mole AH tusion 
65.341-67.214 144.44 49.30 95.14 
65.538-67.411 144.86 49.79 95.07 


Average 95.11 








TEMPERATURE, °K. 


Fic. 1. The molar heat capacity of nitrogen trifluoride. 


eter-heater combination was soldered with Wood’s 
metal in the re-entrant well of the calorimeter vessel. 
With such an arrangement the thermometer does not 
indicate the true temperature of the calorimeter when 
heat is being added to it. This is of no consequence for 
other measurements, but is serious for heats of vaporiza- 
tion since temperatures must be measured during the 
heating period. In order to minimize the effect of such 
temperature gradients, an auxiliary heater wound 
around the outside wall of the vessel was used for heat 
of vaporization measurements. 
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Fic. 2. The deviation of the experimental heat 
capacities from a smooth curve. 
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TABLE VI. Heat of vaporization of nitrogen trifluoride at the 


normal boiling point. Mol. wt. 71.008; boiling point 144.15°K; 
0°C=273.16°K; 1 cal=4.184 abs. joules. 











Total cor. AH to 
Moles Mean temp. of heat input SCpdT real gas 
vaporized vaporization cal/mole cal/mole cal/mole 
0.06014 144.064 2769.2 1.0 2768 
0.05872 144.315 2779.8 3.9 2776 
0.05661 144.080 2762.0 —8.7 2771 
0.06191 143.952 2749.7 — 13.4 2763 


Average 2769 








The method used for maintaining constant pressure 
was similar to that described by Scott et a/.° Vaporized 
liquid was collected in either of two identical traps, 
both of which were immersed in liquid nitrogen. One 
of the traps was used as a “dummy,” gas being collected 
in it only until constant temperature and pressure was 
attained. Manipulation of a stopcock placed between 
the calorimeter and the two traps provided roughly 
constant conditions. Finally, adjustments were made 
in the heater current with a decade resistance box in 
the heater circuit until the thermometer indicated a 
constant calorimeter temperature. The “dummy” trap 
was then cut off and the other trap opened simultaneously. 
Gas was collected in this trap for a measured period of 
time, then it was cut off and the gas was again condensed 
in the “dummy” trap. Using this procedure it was 
possible to maintain excellent control oi the pressure 
and temperature of the vaporization, as is evidenced 
by the small /C,dT corrections. The amount of 
material vaporized was determined by weighing the 
vaporized sample directly. 

The heat of vaporization was calculated using the 
equation 


AH=Q(1—0/V)M/n, (2) 


where ( is the heat input; v, the molar volume of the 
liquid; V, molar volume of the gas; m, the number of 
grams of liquid vaporized ; and M, the molecular weight 
of the gas. Table VI summarizes the data. The mean 
temperatures of vaporization given in the table were 
determined with the resistance thermometer. The 
temperatures as determined from the pressures of 
vaporization agree with these to within 0.3 degree. 

No corrections were applied to the heat of vaporiza- 
tion for the effect of (1) the superheat in the liquid 
during the vaporization resulting from the hydrostatic 
head, and (2) the external heater on the adiabatic opera- 
tion of the calorimeter. A rough calculation shows that 
one would expect a temperature gradient of about 0.1° 
to exist in the liquid during vaporization because of the 
hydrostatic head. If a gradient of this order were present 
during the vaporization and no correction was made for 
it, an uncertainty of the order of 15 calories would 
result in the molar heat of vaporization. However, from 


® Scott, Meyers, Rands, Brickwedde, and Bekkedahl, J. Re- 
search Natl. Bur. Standards 35, 39 (1945). 


PACE 


observation of the temperature of the calorimeter made 
continuously in the period before and after the heater 
current was turned off, the actual gradient appeared 
to be considerably smaller than the calculated value. 
The observed readjustment of temperature was less 
than 0.01°. It is believed that the rather slow rate of 
heating used in the vaporization and the presence of 
radial copper vanes in the liquid soldered to the wall 
of the vessel for the distribution of the energy of the 
heater were effective in reducing the thermal gradient. 
The presence of an external heater did not seriously 
alter normal adiabatic operation during vaporization. 
The shield top acts independently of the shield side 
and bottom. Each section of the shield is provided with 
an independent heater. Temperature differences be- 
tween the shield top and calorimeter top are observed 
with a three-junction thermocouple, between the shield 
side and the calorimeter side by a four junction thermo- 
couple, and between the shield bottom and the calorim- 
eter bottom by a single junction thermocouple. Thus, 
the arrangement of controls is flexible enough to main- 
tain essentially adiabatic operation with temperature 
gradients present in the wall of the calorimeter vessel. 


THE VAPOR PRESSURE 


The vapor pressure measurements on liquid nitrogen 
trifluoride were made by using a Gaertner precision 


TABLE VII. The vapor pressure of nitrogen trifluoride 
(boiling point 144.15°K). 0°C=273.16°K. 




















Pobs —Pealc. 
Temp. Pobs Peale.* This 
“-. Int. mm Hg _ Int. mm Hg research M. and M. 
85.814 0.65 0.55 0.10 0.09 
92.064 1.92 1.91 0.01 —0.01 
98.078 5.23 5.42 —0.19 —0.20 
103.892 13.40 13.17 0.23 0.28 
109.494 28.16 28.18 —0.02 0.17 
114.854 54.27 54.19 0.08 0.58 
119.924 94.94 94.89 0.05 0.99 
124.522 151.02 151.06 —0.04 1.58 
129.689 243.81 243.90 —0.09 1.97 
134.653 371.58 371.80 —0.22 2.20 
139.762 553.71 553.85 —0.14 1.97 
144.523 780.45 779.94 0.51 1.02 
8 logioPmm = —673.5828/T +1.869858 logio7’ —0.007833557 +4.64615. 


cathetometer as a comparison instrument in conjunction 
with a standard meter bar. The data were fitted by the 
equation 


1og10P mm = 673.5828+ 1.869858 logio7" 
—0.007833557+4.64615, (3) 


which was derived by the method of least squares. The 
observed and calculated pressure values are listed in 
Table VII in international millimeters of mercury. The 
usual gravity, meniscus, and temperature corrections 
were applied to the data. The observed vapor pressures 
differed on the average, from those calculated from 
the formula by 0.14mm. The normal boiling point 








calculate 
The last 
served ii 
from the 


THE 


The cz 
gas at t 
Table V! 


TABL 


0-13.00 
12 di 


13.00-5 
Transit 
56.62—( 
Fusion, 
Entrop 


triple 
66.37-1 


Entrop 
Vapori: 
Gas im 


Entrop 
atmo 


using a 
from the 
The meth 
by Aston 


TH 


The str 
microwav 
Gordy an 
distance < 
moment 
paramete 
to be 143 
calculatec 


‘ 
a 





“W. M 
257 (1933). 

" Aston, 
52 (1946). 











THERMODYNAMIC PROPERTIES OF NF; 


calculated from the vapor pressure equation is 144.15°K. 
The last column of Table VII gives the pressure ob- 
served in this research minus the pressure calculated 
from the equation given by Menzel and Mohry.” 


THE ENTROPY FROM CALORIMETRIC DATA 


The calculations of the entropy for the liquid and the 
gas at the normal boiling point are summarized in 
Table VIII. The gas imperfection correction was made 


TABLE VIII. The molar entropy of nitrogen trifluoride. 
Mole wt.= 71.008; 0°C=273.16°K. 




















EU 
0-13.00°K, Debye extrapolation, (@= 120.8, 

12 degrees of freedom). 0.762 
13.00-56.62°K, J ot, (numerical). 10.841 
Transition, 361.8/56.62. 6.389 
56.62-66.37°K, J Ce (numerical). 2.630 
Fusion, 95.10/66.37. 1.435 
Entropy of liquid at solid-liquid-vapor 

triple point. 22.055 

oun dT , 
66.37-144.15°K, f C.F (numerical). 13.151 
Entropy of liquid at normal boiling point. 35.206 
Vaporization, 2769/144.15. 19.21 
Gas imperfection correction. 0.08 
Entropy of ideal gas at 144.15°K and one 
atmosphere pressure. 54.50 








using a second virial coefficient which was calculated 
from the heat of vaporization and vapor pressure data. 
The method of calculation has been described previously 
by Aston ef al." 


THE ENTROPY FROM MOLECULAR AND 
SPECTROSCOPIC DATA 


The structural data were taken from the results of the 
microwave investigation of nitrogen trifluoride by 
Gordy and Sheridan.‘ Their results give the N—F bond 
distance as 1.371 A, the FNF angle as 102°9’, and the 
moment of inertia 7g as 78.5475 gcm?*. Using these 
parameters, the moment of inertia 74 was calculated 
to be 143.66 g cm’. The entropy due to translation was 
calculated from 


S,=2.2868(5 logT+3 logM) — 2.3135. (4) 





1” W. Menzel and F. Mohry, Z. anorg. u. allgem. Chem. 210, 
257 (1933). 
_"' Aston, Fink, Bestul, Pace, and Szasz, J. Am. Chem. Soc. 68, 
52 (1946). 
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TABLE IX. The molar entropy of nitrogen trifluoride in the ideal 
gas state from molecular and spectroscopic data (1 atmos). 











Temperature, °K 144.15 298.16 
S:, cal/deg/mole 35.071 38.680 
S,, cal/deg/mole 19.334 21.500 
Sv, cal/deg/mole 0.201 2.068 
Total 54.61 62.25 
Calorimetric entropy 54.50 ee 








The entropy due to rotation was calculated from 


S,= 2.2868(3 logT+log/ al x’— 2 log3) 
+267.5213. (5) 


The vibrational contribution to the entropy was calcu- 
lated from frequency assignments derived from a study 
of the infrared and Ramanf spectra of nitrogen trifluo- 
ride at this laboratory. The assigned fundamental fre- 
quencies are: 


v(A 1) = 1031 cm“, 
y3(E)= 907 cm-, 


vo(A 1) = 642 cm7|, 
V4 (E) = 497 cm“. 


These frequencies differ slightly from those given by 
Wilson and Polo,” but the differences do not signifi- 
cantly affect the vibrational contribution to the 
entropy. 

The entropy calculations are summarized in Table 
IX. The agreement of the calorimetric and spectro- 
scopic entropies to within 0.11 eu is within the accuracy 
of the measurements. Since there is no reason to expect 
any residual entropy, the result may be taken as further 
confirmation for the correctness of the structural param- 
eters determined from microwave’ and electron diffrac- 
tion® investigations of nitrogen trifluoride. Because of 
the low boiling point of the compound, and conse- 
quently the very small vibrational contribution to the 
entropy, the data do not provide a very severe test of 
the normal frequency assignments. Heat capacity data 
on the gas would help to confirm the assignments. 
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Influence of Electrode Material on Oxygen Overvoltage: A Theoretical Analysis 
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Variations of overvoltage for oxygen evolution from one metal to another primarily result from variations 
in the energy of the bond M—OH. The overvoltage decreases approximately in a linear manner with in- 
creasing bond energy. This relationship is verified experimentally for Ag, Au, Cd, Co, Cu, Fe, Ni, Pb, Pd, 
and Pt, for electrolysis in one N potassium hydroxide at one amp cm™; the experimental data are those 
reported by Hickling and Hill. Bond energies for M—OH are calculated by three different thermodynamic 
cycles involving, respectively, the standard heat contents of the hydroxide, the oxide, and spectroscopic 
data for molecules MO. Variations of the energy of the bond M—OH, as the electrode is oxidized to a 
higher va'ence, also account for sudden breaks in plots of overvoltage against logarithm of current density. 
Finally, there is essentially no correlation between the oxygen overvoltage for different metals and the 


corresponding work functions. 





T is well known from experimental studies that the 
nature of electrode material has a profound influence 
on the kinetics of electrode processes. The interpretation 
of this effect is difficult except for relatively simple 
reactions such as the discharge of hydrogen or hydroxyl 
ions. The former reaction was studied in a previous 
paper,! and it was shown on a theoretical basis that the 
overvoltage for hydrogen ion discharge varies from one 
metal to another primarily because of variations in the 
heat of adsorption of atomic hydrogen. An interpreta- 
tion of the effect of electrode material is given in this 
paper for the electrolytic production of oxygen in 
alkaline aqueous solution. Unfortunately, the experi- 
mental study and the quantitative interpretation of 
oxygen overvoltage are far less advanced than for 
hydrogen overvoltage,? but sufficient experimental data 
are available* to test an explanation of the effect of 
electrode material. 


INITIAL AND FINAL STATES FOR HYDROXYL 
ION DISCHARGE 


We shall assume that the discharge of hydroxy] ions 
can be represented by the reaction 


M+H,0—OH-—e—M-—OH+H:0 (1) 


which is followed by a process yielding molecular 
oxygen. The nature of the latter process is immaterial 
if one assumes that reaction (1) is rate determining. 
This is undoubtedly the case when the overvoltage 
exceeds say 0.1-0.2 volt, i.e. when the effect of the 
backward electrode reaction can be neglected. As for 
hydrogen ion discharge,! the overvoltage for the evolu- 
tion of oxygen can be written in the form (note changes 
in sign) 


RT AH? 


1 
n=— Inée+—_— (1-—) ya (2) 
aF av\F ad 


* Postdoctoral fellow 1953-1954. 

1 P. Riietschi and P. Delahay, J. Chem. Phys. 23, 195 (1955). 
? For a survey, see A. Hickling, Quart. Rev. 3, 95 (1949). 

3 A. Hickling and S. Hill, Discussions Faraday Soc. 1, 236 (1947). 


tn 


Here a is the transfer coefficient for the discharge 
process, \ is the number of hydroxyl ions which are 
discharged when the rate determining reaction occurs 
once, AH? is the energy of activation for the discharge 
process, Wo is the difference of potential across the diffuse 
part of the Stern double layer at unit activity of OH- 
ions, éo is the difference of potential from electrode to 
the outer Helmholtz layer at the standard reversible 
potential for hydroxyl ion discharge, and & represents 
a group of terms, whose explicit form is not needed here, 
and which can be regarded as independent of electrode 
material. The quantity é includes the entropy of activa- 
tion for the discharge process, which will be assumed to 
be independent of electrode material. The derivation 
of Eq. (2) is given by Kortiim and Bockris? for hydrogen 
overvoltage. The terms a, AH}, and X in Eq. (2) could 
possibly depend on the electrode material, while ¢, 
which includes the work function of the electrode, 
definitely depends on the nature of the electrode. 

The interpretation of the effect of electrode material 
thus requires the calculation of the energy of activation 
AH}. This energy could, in principle, be deduced from 
variations of energy along the reaction coordinate. Such 
a method was applied by various authors!:*:’ in the case 
of hydrogen ion discharge. Unfortunately, spectroscopic 
and other data needed in such calculations are not 
available for the discharge of hydroxyl ion, but useful 
information about factors influencing the energy of 
activation can be obtained by considering simply the 
initial and final states. 

The initial state corresponds to one equivalent of 
hydroxyl ions in solution and the metal M from which 
one equivalent of electrons has been removed. The 


4 For hydrogen overvoltage when the discharge of hydrogen ion 
is the slow step A= 1. 

5G. Kortiim and J. O’M. Bockris, Textbook of Electrochemistry 
(Elsevier Publishing Company, Inc., Houston, 1951), Vol. II, 
p. 430 Eq. 80. Note that eo was inadvertently dropped by the 
authors. 

6 See references in N. K. Adam, The Physics and Chemistry of 
Surfaces (Oxford University Press, London, 1941), third edition, 
331ff. 

7 R. Parsons and J. O’M. Bockris, Trans. Faraday Soc. 47, 914 
(1951). 
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value of H; is obtained from the following reactions 


1/2 H.+1/20.—0H (1 atmos) 
OH (1 atmos)+e—OH- (gas) 
OH- (gas)—OH- (aq.) 
OH- (aq.)—OH- (double layer) 





The energy corresponding to the transfer of hydroxyl 
ions from solution to the double layer will be assumed 
to be negligible. This hypothesis is justified as was 
shown by Parsons and Bockris’ for the discharge of 
hydrogen ions. The electron affinity and the heat of 
hydration of hydroxy] ion are not known, but the sum 
of these two quantities can be calculated from the 


M(e)—M-t+e. following cycle 
52.09 315 — 263 
1/2 H,-—> H — Ht +e—— H+ —— 
57.80) (gas) (gas) (aq.) | 
i —- | 
(gas) | 10.06 E, L | 
—1/2 H.+1/20.—— OH — OH- —e— OH-— 
(gas) (gas) (aq.) | 
| 10.52 — 13.74 | 
| H;0 (aq.) — | 





where E, and L are the electron affinity and the heat of 
hydration of hydroxyl ion, respectively, and the nu- 
merical data are the changes in heat content.’ The 
hydration énergy of hydrogen ion, — 263 kcal, is the 
average of two reported values, —250kcal® and 
— 276 kcal.° 

One deduces from this cycle that E,+L=—168.7 
kcal, and the heat contents for the initial state is thus 
(in kcal) 


H;=@—158.7 (3) 


where @ is the electronic work function of the elec- 
trode M. 

As was pointed out in a similar calculation for hydro- 
gen ion,' the surface potential" is neglected in the 
writing of Eq. (3). 

The final state is defined as one equivalent of OH 
radicals bound to metal M. The corresponding heat 
contents H; is derived from the cycle 


1/2 H2+1/2 O» (1 atmos)—OH (1 atmos) 
OH (1 atmos)+M—M—OH 


M—OH}+H.0—-H,.O— M—OH. 
Thus 
H;= R—D(M—OH)+10.06 (4) 


where H; is in kcal, R is the energy of interaction be- 
tween M—OH and water, D(M—OH) is the energy 
of the bond M—OH, and 10.06 kcal is the heat of forma- 
tion of the hydroxyl radical. The interaction energy R 
is not known, and we shall assume that it is independent 
of the electrode material. This may be a rather coarse 
approximation. 


®Taken from “Selected values of chemical thermodynamic 
properties,”’ Series 1, National Bureau of Standards, 1949. 

* Latimer, Pitzer, and Slansky, J. Chem. Phys. 7, 108 (1939). 

© J. D. Bernal and R. H. Fowler, J. Chem. Phys. 1, 515 (1933). 
" For references pertaining to surface potentials, see reference 2. 











CALCULATION OF THE ENERGY OF THE M—OH BOND 


The comparison of overvoltage values for different 
metals, i.e. the comparison of the corresponding AH?’s, 
requires values of the bond energy D(M—OH) appear- 
ing in Eq. (4). These energies are not known, but 
approximate values can be obtained by the following 
three methods. 

First Method. From the following cycle 


x/2 H2+x/2 Oo+yM—M,(OH), 
M, (OH),—M (cryst.)-+xOH 
xOH—x/2 Ho+x/2 O» 

one deduces, by expressing that 2AH°=0, the bond 
energy (in kcal) 

D(M—OH)= 10.06—AH®/x (5) 
where 10.06 is the heat of formation of the hydroxyl 
radical, and AH’ is the standard heat of formation of the 


hydroxide. 
Second Method. The cycle is 


xH.+x0.+yM (cryst.)—-M,0,+H,0 (gas) 
M,0,+H,20 (gas)—>M, (OH)sz (cryst.) 
M, (OH), (cryst.)—yM (cryst.)+2xOH 

yM (cryst.)+2x0H (gas)—yM (cryst.)-+*H2+x02 


and the resulting bond energy is (in kcal) 


1 
D(M—OH) = 7, (—sdH"a10— AH yo2+ 2X 10.062) 
x 
(6) 


on the assumption that the heat of hydration of the 
oxide can be neglected. This is a reasonable simplifying 
assumption, and the bond energy is 


D(M—OH) = 38.96—AH"m,0,/ 2x. (7) 
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TABLE I. Bond energies and pertaining data. 











1st method 2nd method 3rd method 
Metal H° x D(M —OH) H°% x D(M —OH) De x D(M —OH) 

Ag bel ase ‘en we ae 41.5 1 60 
Au 100.0 3 43.4 —9.65 3 35.8 tee tee tee 
Cd 133.3 2 76.8 60.8 2 69.4 88 2 53 
Co 176.6 a 69.0 68.0 8/3 64.5 tee tee tee 
Cu 106.1 2 63.2 37.1 2 75 113 2 66 
Fe 197.0 3 9 63.7 3 71.8 110 F 65 
Ni 162.1 3 64.1 58.4 4 53.8 100 2 59 
Pb 123.0 2 71.6 66.1 4 55.5 99 2 59 
Pd 169.4 4 52.4 20.4 2 49.2 see cee tee 
Pt 87.2 2 53.7 13.6 8/3 44.1 . 








® Negative heat of formation of the hydroxide of valence x in kcal./mol. at 298.1°. 
b Negative heat of formation of the oxide of valence x in kcal./mol. at 298.1°. 


© Spectroscopic heats of dissociations of M —O in kcal./mol. 


Third Method. The bond energy D(M—OH) is calcu- 
lated from spectroscopic data for the dissociation of the 
diatomic molecule M—O. The following cycle, in which 
all the species are in the gaseous form, is used 


MO+H,0—M (OH). 
M (OH).—-M+20H 
M+20H—M+0+H-+0H 
M+0+H+OH—MO-+H.0. 


The corresponding bond energy D(M—OH) is (in 
kcal) 


D(M—OH)=3[D(M-—O) 
+D(H—OH)—D(O—H)] (8) 


if one neglects the heat of hydration of the oxide (see 
second method). One has (in kcal) 


D (H—OH) =52.09+10.06-+57.80 
D (O—H)=52.09+59.16— 10.06 


where 52.09 is one-half of the heat of dissociation of Hz, 
10.06 the energy of formation of the hydroxy] radical, 
57.80 the standard energy of formation of water, and 
59.16 the standard energy of formation of hydroxy] ion. 
Thus 


D(M—OH)=3[D(M—O)+18.76]. (9) 


The value of D(/M—OH) for silver cannot be calcu- 
lated neither by the first method because the heat of 
formation of the hydroxide is not known, nor by the 
second method because silver atoms are associated in 
the oxides (Ag.O, Ag2O2). The third method was modi- 
fied, and the following cycle was used 


M+20H—MOH+0H 
MOH+OH—MO+H.0, 
where all the species are in the gaseous form. 
Bond energies calculated by the above three methods 


are listed in Table I. Thermodynamic data were taken 
from the Bureau of Standards Tables,* and spectro- 


scopic data are from Herzberg” and Gaydon.’ It is to be 
noted that the bond energy may vary markedly with 
the oxidation number. Thus D(M—OH) calculated 
by the first method is 74.3 kcal for Ni(OH)»2 and 64.1 
kcal for Ni(OH);. Likewise, one calculates by the second 
method values of D(/M—OH) of 66.2 kcal, 62.0 kcal, 
and 56.5 kcal from PbO, Pb;O4, and PbOs, respectively. 
Generally, the higher is the oxidation number, the lower 
the bond energy. 


OVERVOLTAGE VERSUS ENERGY OF THE 
BOND M—OH 


If one assumes that ad is the same for two metals 
1 and 2, the difference in overvoltage for identical condi- 
tions of electrolysis is in view of Eq. (2) 


1 
m—n2= ——(AH1'— AH) —[(eo)1— (eo) 2]. (10) 
aNF 


The quantity [(eo)1— (e0)2] in Eq. (10) is equal to 
the difference of the work functions (¢)2—(@):. The 
term in (AH,;!—AdH,') in Eq. (10) also contains the 
difference (¢)i— (#)2 [see Eq. (3) ], but the difference 
between the work functions should be multiplied by 
the product ad in view of the definition of the transfer 
coefficient a. As a result, the difference between the 
¢w’s in Eq. (10) cancels, and the difference in overvoltage 
for two metals is independent of the difference between the 
work functions of these metals. This conclusion is valid 
provide that the mechanism of the electrode reaction 
is the same for metals 1 and 2 and that the transfer 
coefficient is also the same for the two metals. However, 
a small difference between the a’s would be unimportant. 

The difference between the energies of activation in 
Eq. (10) depends on the difference between the bond 
energies D(M—OH) and the interaction energies be- 
tween M—OH and water [see Eq. (4) ]. As D(M—OH) 
increases, the energy of activation decreases and the 
Morse curve for the energy D(M—OH) becomes 

2G. Herzberg, Molecular Spectra and Molecular Structure 
a Van Nostrand Company, Inc., New York, 1950), second 
edition. 


13 A. G. Gaydon, Dissociation Energies (Chapman and Hall, 
Ltd., London, 1953). 
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ELECTRODE MATERIAL AND OXYGEN OVERVOLTAGE THEORY 


steeper. Furthermore, the distance between the initial 
and final states along the reaction coordinate varies 
from one metal to another. Since the Morse curves 
cannot be calculated with the data now available, no 
detailed analysis similar to the one made for hydrogen 
ion? can be made.'* However, the combination of these 
effects is such that the very approximate relationship 


AH,!—AH2t~ D(M:—OH)—D(M;—OH) (11) 


holds. This can be seen from the plot of overvoltage 
against D(M—OH) in Fig. 1. Overvoltage values were 
taken from the paper of Hickling and Hill,’ and bond 
energies are from Table I. Values of D(M—OH) calcu- 
lated by the above three methods are indicated for some 
metals to show the uncertainty on the energy data. 
The lowest values of bond energies, which often corre- 
sponds to the highest oxidation number of the metal, 
are generally preferred. This is because oxygen is 
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BOND ENERGY (KCAL) 


Fic. 1. Oxygen overvoltage against energy of the bond M—OH. 
Electrolysis at 25° in 1 N potassium hydroxide and at 1 amp cm~. 


evolved at very positive potentials (about 1 to 1.5 
volts vs N.H.E.) at the current density of 1 amp cm~? 
corresponding to the data of Fig. 1. At such high pH’s 
(1 V potassium hydroxide) and potentials, the metals 
of Fig. 1 are generally in their highest oxidation state. 

Some values of the bond energies have not been 
plotted in Fig. 1 for the following reasons. The bond 
energy of 71.6 kcal for Pb obtained by the first method 
was not used because this datum corresponds to Pb(II) 
while lead is undoubtedly in the +4 state at the poten- 
tials corresponding to Fig. 1. The values of 53.7 kcal for 
Pt and 64.1 kcal for Ni were not plotted for the same 
reason. The values of D(M—OH) obtained for iron by 
the first two methods were not used because they are 
higher than the value deduced from the third method. 
Finally, the value of 54.4 for cadmium was plotted 





4 The semiempirical method of J. O. Hirschfelder, [J. Chem. 
Phys. 9, 645 (1941)] could be applied, but the resulting analysis 
does not go beyond the above approach. Hirschfelder’s method 
Was applied to hydrogen recombination at electrodes by K. E. 
Shuler and K. J. Laidler [J. Chem. Phys. 17, 1212 (1949)] and 
to hydrogen ion discharge by R. Parsons [Z. Elektrochem. 55, 
111 (1951). 
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LOG CURRENT DENSITY (AMP/CM®) 


Fic. 2. Overvoltage against decimal logarithm of current density. 
Experimental data taken from Hickling and Hill (see reference 3). 


because the values calculated by the first two methods 
are probably too high (by perhaps 20 kcal). 

Despite the uncertainty in the values of bond energies, 
the foregoing considerations show that differences in the 
energy of the bond M—OH essentially account for varia- 
tions of oxygen overvoltage from one metal to another under 
given conditions of electrolysis. 

In view of Eqs. (10) and (11) the slope of the over- 
voltage versus bond energy line should be —1/aAF. 
Figure 1 yields the value aA=0.98. This is of course 
only a very approximate value, but it agrees well with the 
experimental value of 1 which one deduces from experi- 
mental plots of overvoltage versus logarithm of current 
density. The latter plots yield straight lines provided 
that ad does not vary with current density and that 
there is no change in the mechanism of the electrode 
process as the current is varied. The slope of this line 
is b=2.3RT/adF or b6=0.059/adx at 25° if decimal 
logarithms are used. The experimental slopes for Co, 
Fe, and Cu are virtually 0.059 at lamp cm~, and 
consequently ad is very close to unity, which is precisely 
the value deduced from Fig. 1. The slopes } for Ag, Ni, 
and Pd at lampcm™ are 0.15, 0.15, and 0.13, re- 
spectively (Fig. 2). The corresponding overvoltages 
for a slope of 5=0.059 would be a few tenths of a volt 
lower, but this hardly changes the general trend of 
Fig. 1. These changes in slope probably result from the 
oxidation of the electrode to a higher valence as will 
be shown. 

ENERGY OF THE BOND M—OH AND ANOMALIES 
IN OVERVOLTAGE VERSUS LOGi PLOTS 

The dependence of the overvoltage on the energy 
of the bond M—OH also explains anomalies observed 
in plots of overvoltage against logarithm of current 
density. Figure 2, which was constructed from data of 
Hickling and Hill,*? shows such anomalies for silver, 
palladium, and gold. The 7 vs logi plots are composed 
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of several linear segments with sudden variations of 
overvoltage. The slope of these segments may be the 
same (Au) or it may vary (Ag, Pd). For some metals 
such as cobalt the plot of n vs logi yields a straight line 
over a wide range of current densities. 

These sudden variations in overvoltage probably result 
from variations of the energy of the bond M—OH as the 
electrode is oxidized to a higher valence. This view is 
strongly supported by the fact that the sudden in- 
creases in overvoltage occur in the immediate vicinity 
of the equilibrium potentials for different oxidation 
states of the electrode. This is shown in Fig. 2 for 
palladium and gold." In the case of silver a change in 


15 Equilibrium potentials taken from W. M. Latimer, The 
Oxidation States of the Elements and their Potentials in Aqueous 
Solutions (Prentice-Hall, New York, 1952), second edition and 
G. Charlot, Théorie et Méthode Nouvelle d’Analyse Qualitative 
(Masson, Paris, 1949), third edition. 


mechanism. is primarily observed and ) varies from 2 
to 1. No break is observed in the 7 vs logi plot for 
cobalt because this metal is in its highest oxidation state 
at the potentials of Fig. 2. 


CONCLUSION 


Variations of oxygen overvoltage from one metal to 
another under given conditions of electrolysis in aqueous 
alkaline solution primarily result from variations of the 
energy of the bond M—OH. Variations in this bond 
energy as the electrode is oxidized to a higher valence 
account for breaks observed in plots of overvoltage 
against the logarithm of current density. 
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A form for the configuration integral is postulated. Its most important feature is the location of its zeros 
and poles in the complex volume plane. These lie on a contour which divides the real axis into distinct 
regions. The pressure, being expressed as an integral taken over this contour, can have different analytic 
forms on different parts of the real volume axis. It is shown that the asymptotic nature of a configuration 
integral of the assumed form is determined by the p—» isotherms it produces, and the theory is worked out 
for isotherms derivable from a function of the van der Waals type with a classical critical point. The contour 
on which the zeros and poles of the configuration integral lie, and the density with which they are distributed, 
are determined explicitly in terms of these isotherms. The theory is illustrated in detail in the case of a 
simple equation of state. 
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HE thermodynamic functions for pure substances 
can be obtained from the logarithm of the parti- 
tion function, in the limit of an infinite sample. The 
partition function has no zeros or singularities, in the 
case of a finite sample, at any physically meaningful 
values of its variables. Thus, the only way that the 
thermodynamic functions can show singularities char- 
acteristic of phase transitions, is for the partition func- 
tion to have zeros, or singularities, or both, in the com- 
plex plane of one of its variables, and for some of these 
points to accumulate in the neighborhood of the real 
axis in the limit of an infinite number of particles. The 
details of such a process were worked out by Yang and 
Lee! for the grand partition function of the two-dimen- 
sional lattice gas in the complex fugacity plane. 
In this paper, a number of assumptions will be made 
about the configuration integral in the complex volume 


* Work supported by the Office of Naval Research. 

t Present address: Department of Chemistry, Cornell Univer- 
sity, Ithaca, New York. 

1C, N. Yang and T. D. Lee, Phys. Rev. 87, 404 (1952); T. D. 
Lee and C. N. Yang, Phys. Rev. 87, 410 (1952). 


plane. It will then be shown that the nature of all of 
the elements assumed to be present in the configuration 
integral of a macroscopic sample (the density with 
which its zeros and poles are distributed, the contour on 
which they lie, etc.) is completely determined by the 
pressure-volume isotherms to which such a configura- 
tion integral would give rise. The equation of state, then, 
determines the detailed asymptotic nature of the con- 
figuration integral provided the latter is of the assumed 
general structure. The assumptions which are made 
concerning its form appear to be the simplest possible, 
so in this way one obtains a knowledge of its probable 
structure which should aid materially its @ priori 
evaluation. 


I. A POSTULATED FORM OF THE CONFIGURATION 
INTEGRAL AND A PRELIMINARY FORMULA 
FOR THE PRESSURE 

Consider a classical system of N identical interacting 
particles in a volume N». Suppressing explicit reference 
to the temperature dependence, let Qv(v) and py(2) be 
the configuration integral and the pressure in such 4 
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system, respectively. Further, let 6=1/kT, where k 
is Boltzmann’s constant and T is the absolute tempera- 
ture. Then? 


pu=(BN)—d InQw/do. (1) 


We now consider a Qy which has the form 
WN) 


Qn (v) = fv (2) Il (v—v,)*". (2) 


Here fyv(v) is some function, real for real values of 2, 
which is such that 


lim fy’(v)/N fy (v) =H (2), (3) 

No 
where H(v) is a single analytic function. The primes 
indicate differentiation with respect to the argument. 
In Eq. (2), the exponent +1 or —1 is used depending 
on whether v, is a zero or a pole of Oy. The numbers 2, 
are assumed to lie on a curve in the complex v plane 
which, for large V, approaches a limiting curve C. The 
?,’s are also assumed to distribute themselves on C, as 
\—, in such a manner as to be described by a con- 
tinuous density function. Further, we assume that if 
2, is a zero on the curve, then v,*, its complex conjugate, 
is also a zero on the curve, and appears in the product 
in Eq. (2); similarly for poles. This assures the reality 
of Ov (v) for real v, and implies that C, and the density of 
zeros and poles, are symmetric about the real axis. 
Furthermore /(.V) is some positive integer, and we write 


1(N)/N=Xy. (4) 
From Eqs. (1), (2), and (3), 


WN) 


pu=(BN)"Cfx'(0)/ fro) +X + (0 2,)*] 


uN) 


p=B"H(v)+ lim (BN) Y +(e—2,)71 


Nx r=1 
where 
p(s)= lim py) 
is the pressure in the macroscopic system. 
Let w be a variable which will be used alternately with 
v to describe the complex v plane. Let the curve C be 
given by w=w/(/), where / is a real parameter. Let y(¢) be 
such that, for large V, the number of v,’s on C between / 
and /+-dt is 
Nu(é)dt. 
Then 


WN) 


lim (GN) } + (v—2,)7 
No r=1 


N20 


= lim (@N)-1% f +Ny(t)[v—w(t) P'dt 


=p" f +p(t)[v—w(t) Pde. 


*J. E. Mayer and M. G. Mayer, Statistical Mechanics (John 
Wiley and Sons, Inc., New York, 1940), p. 235. 
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The top sign is used when integrating over that portion 
of C which is the limiting locus of the zeros of Qy, and 
the bottom sign for that portion of C which is the limit- 
ing locus of the poles of Ov. Thus, 


p=6"A(v) +87 f +p ()[v—w(t) de. (5) 


II. THE ONE- AND TWO-PHASE REGIONS 


We now define 


g(w) = ul t(w) |/w’[t(w) J (6) 


where /(w) is the inverse function of w(t), and w’[t(w) | 
is dw/dt considered as a function of w. Then with the 
direction of integration defined to be that along which 
‘ increases, Eq. (5) becomes 


p= eH +8" f g(e)(0—o)-d (7) 


It is now assumed that g(w) is an analytic function 
which has no singularities inside C. The nature of the 
function p(v), as given by Eq. (7), will then depend 
on whether 2 is inside or outside C, and, in the former 
case, whether one is integrating around » in a clockwise 
or counterclockwise direction. 

Every point on the real, positive v axis is assumed to 
be surrounded once by C. (Thus, C closes itself at the 
point at infinity, and in so doing surrounds the far end 
of the positive v axis. This will be clearly illustrated in 
Sec. IX.) The “‘once”’ is the met number of times it is 
surrounded ; thus being surrounded once clockwise and 
twice counterclockwise counts as being surrounded a 
net of once counterclockwise. 

Now let /(v) be the right-hand side of Eq. (7) when 
v is surrounded by C a net of once in a clockwise 
direction.’ Then 


| h(v), 


v surrounded once 


clockwise 


p(2) (8) 


— 
| h(v)—4miB—g(v), v surrounded once 


counterclockwise, 


since the two cases differ only by the value of the 
integral of B-'g(w)/(v—w) taken fwice counterclockwise 
around a small circle about v. We now require that, of 
the two kinds of v in Eq. (8), the first correspond to a 
one-phase system and the second to a two-phase system. 
Letting > be the quantity which, below the critical 


3 The right-hand side of Eq. (7) can be equal to any one of 
several analytic functions of v, depending on the relation of v to 
the contour and the direction of integration. Each of these func- 
tions, separately, can be extended throughout the entire complex 
v-plane, except at some isolated singularities. By definition, /(v) is 
that one of the functions which, when 7 is in a region surrounded by 
C a net of once clockwise, coincides with the right-hand side of 
Eq. (7). Similar considerations apply to H(v) in Eq. (11). 
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point, is equal to the vapor pressure, we have identically, 
for any v in the complex plane, 

mo=h(v) —4iB—'g(v) (9) 
with /#(v) an analytic function of the van der Waals 
type.* 

The object of this section can be best appreciated by 
anticipating Fig. 1, which is the curve C for a typical 
case below the critical temperature. Those points of the 
real axis which lie between the origin and 2, and those 
to the right of v,, are all surrounded by C a net of once 
clockwise. These are the one-phase regions, in which the 
isotherms coincide with a curve of the van der Waals 
type, 4(v). The points between v; and v,, however, are 
surrounded by C a net of once counterclockwise. Here, 
then, the pressure is equal to the vapor pressure 7», 
independent of v. This, of course, is just the situation 
realized experimentally. 

It is seen from Eq. (9) that any value of v for which 
h(v)=7, is a point at which g=0, or, from Eq. (6), a 
point at which n=0. One needs h(v)=7» at the transi- 
tion points in order to assure the continuity of p(v); 
that this continuity is connected with a vanishing 
density of zeros and poles of the partition function, is 
the analog of a result stated by Lee and Yang.! 


III. DETERMINATION OF Ay AND H(v) 


It is seen from Eq. (2) that /(V) is the number of 
zeros and poles of Qy whose limiting distribution on C 
is being considered. Then from the definition of u, we 
have 


uny/n~ f ula, 
and from Eqs. (4) and (6), 


hy~ f +6(o)de. 
c 


Thus, from Eq. (9), 
4 


From Eqs. (7) and (9), by the definition of h(v), 


H(v)=Bh(v) — (8/4mi) f [h(w) — m0] (0-0) de 
Cc 


(v surrounded once clockwise).* (11) 


4 No new assumption has been made in this paragraph ; we merely 
established a convention. We could just as well have defined the 
function /(v) as the right-hand side of Eq. (7) when v is surrounded 
a net of once in a counterclockwise direction, and then required that 
such a v be in a one-phase region. This choice would have led, in 
the later analysis, to a few changes of sign, together with the re- 
versal of all the directions of irtegration along C. It would have 
left unchanged the answers to all questions concerning the con- 
figuration integral, including the question of which portions of C 
contain its zeros and which its poles. 


IV. DETERMINATION OF THE CURVE C. CONTINUA- 
TION ABOVE THE CRITICAL POINT OF THE TWo 
SEPARATE PHASE VOLUMES AND OF THE 
VAPOR PRESSURE 


The total number of zeros and poles lying on an arc of 
C between the points a and 6 is, by definition of y, 


w=b 
f Nu(t)dt, 


w=a 


where the integration proceeds along C in the direction 
of increasing /. By use of Eqs. (6) and (9), this integral 
can be transformed into 


(VB/4r1) J +[h(w)—7 |dw. 


The number which this integral represents is, however, 
intrinsically real, and therefore 


ay f e [hs) ijt} ==(), (12a) 


The curve C may consist of several branches and dis- 
connected loops. Equation (12a) was derived only for 
the case in which a and 3 lie on the same branch, i.e., 
for the case in which b can be reached from a without 
leaving C. If a and 6 were not so connected, there would 
be no reality condition of the kind that led to Eq. (12a), 
ie., there would not necessarily be any real number 
which could be identified with 


i J * [h(w)— 7 |dw. 


Suppose a and 6 lie on the same branch of C, so that 
Eq. (12a) holds. Divide the interval (a,b) into sub- 
intervals, each of which is entirely zero-containing or 
entirely pole-containing. Equation (12a) holds for each 
sub-interval. Hence, 


a f [h()—ni}la} 0 


sub-interval 


where the + signs can be dispensed with, only the one 
sign or the other holding throughout the sub-interval. 
Now, 


af J [h(e) rea] 


7 sub ieeval a J Uh ) 7 ais 


sub-interval 


Therefore 


a f Late) mela =0. (126) 
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This is the same as Eq. (12a), except that the + signs 
no longer appear. Since the integrand is an analytic 
function, the path of integration need not be specified. 

Since our aim is to reproduce the classical situation 
(only without instability in the isotherms), we shall 
assume that Eq. (12b) does, in fact, hold for all a and b 
on C, whether or not these two points lie on the same 
branch. That this fulfills our purpose will appear 
immediately. 

For suppose C cuts the real axis in two points, which 
we can call v, and »;. Choosing the realax is itself as the 
path of integration between v, and w, and noting that 
h(w) is real for real w, it follows from Eq. (12b) that 


f [h(v)—mo]dv=0, 


Gg 


(12) 


which is Maxwell’s “condition of equal areas.’’® Equa- 
tion (12b) is the generalization of this theorem to the 
complex plane. 

Consider the equation h(v)=7». Since h(v) is being 
taken as a function of the van der Waals type, below the 
critical point this equation has three real, positive 
solutions, the largest and smallest of which are v, and 2, 
the molecular volumes of the vapor and liquid phases, 
respectively. Now mo, as a function of temperature, can 
be continued analytically above the critical point, re- 
maining real valued for real 7. Above the critical point, 
h(v)=7 will continue to have three solutions, one of 
them remaining réal, but the other two being complex. 
Since h(v) is real valued for real v, these other two solu- 
tions will be complex conjugates of each other. We shall 
consider these the extensions, above the critical point, 
of v, and v, and use these same symbols to describe 
them, though which is to be v, and which 2, is entirely 
arbitrary. 

We now require that C always pass through 2, and 2. 
Then, since Eq. (12b) holds when a and b are any two 
points of C, 


(13) 


af Ch(a)—no}o} =0 


where v is a variable point of C. We shall assume, in 
addition, that every v which satisfies Eq. (13) is a 
point of C. Then Eq. (13) is the equation of the curve C. 
The way to extend mo above the critical point is to 
define it by Eq. (12), even when v, and »; are complex. 
Thus, the three quantities v,, 7, 79 are always the three 
solutions of the simultaneous equations (12) and (14): 


h(v,)=h(v1) =o. (14) 


The zo thus obtained is always real, this following 
immediately from Eq. (14). The reality of h(v) for real 
?makes the curve defined by Eq. (13) symmetric about 
the real axis, a property of C already noted in Sec. I. 

*E. A. Guggenheim, Thermodynamics, an Advanced Treatment 


for Chemists and Physicists (North Holland Publishing Company, 
Amsterdam, 1950), second edition, p. 132. 
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Since v, and v, are, by Eq. (14), zeros of the derivative 
of the inetgral in Eq. (13), it follows that at these points 
C crosses itself. Above and below the critical point, for 
any physically correct h(v), v, and v are simple zeros of 
[h(v)—20], so when C crosses itself at these points it 
does so orthogonally. At the critical point v, and », 
coalesce, and, together with the third solution of 
h(v) =, form a triple zero, and therefore four arcs of 
C pass through this point, and a small circle about this 
point would be divided by these arcs into eight equal 
sectors.® 


V. THE DENSITY OF ZEROS AND POLES 
From Eggs. (6) and (9), 
u(t) =+B(42i)—'{h[ w(t) ]—20}dw/di (15) 


where w(/) is the curve C, where the top sign is used on 
those arcs of C which contain the zeros of the configura- 
tion integral, and the bottom sign on those which con- 
tain the poles. In terms of the polar angle, @, we shall 
specify 


i=+0 (16) 


where the top sign is used when at a point of C through 
which, in all our integrations over C, the contour was 
traversed in the direction of increasing 6, and the bottom 
sign in the opposite case. This conforms to the prescrip- 
tion of the direction of integration given before, as that 
along which ¢ increases. Four kinds of arcs of C will now 
be classified : 


(1) A zero-containing arc of C, along which one inte- 
grates in the direction of increasing 0. 

(2) Pole-containing, integrating in the direction of 
decreasing 0. 

(3) Pole-containing, integrating in the direction of 
increasing 0. 

(4) Zero-containing, integrating in the direction of 
decreasing 0. 


Then from Egs. (15) and (16), 
p=+8(4ri)“[h(w) — 10 ]dw/dO (17) 


where the top sign is used in cases (1) and (2), and the 
bottom sign in (3) and (4). 
Let w=p exp(70), the equation of the curve being 
p=p(@). Then 
dw/d0= (dp/d@) exp(i0)+-ip exp(7@). 
Then from Eq. (17), since » must be real, 


0= R{h(w) — 10} (dp/d6) cos#—p sind] 
— I{h(w)—0}[(dp/d6) sind+p cosd] 
+4rBp= R{h(w) — 10} (dp/d) sind+p cosé] 
+ 9{h(w) —20}[(dp/d6) cos6—p sind]. 
The first of these is the differential equation of C, i.e., 
the differential form of Eq. (13). Eliminating dp/dé 


6 J. L. Walsh, Am. Math. Soc. Colloq. Pub. 34, 17 (1950). 
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between these equations, 
p=+8(4r)| [h(w) —10 Jw |?/ R{Lh(w)—70 Jw}. (18) 


In Sec. I it was required that zeros and poles both lie 
on C in complex conjugate pairs. This is equivalent to 
the requirement that » be symmetric about the real 
axis. Since /(w) is real for real w, this requirement is, 
by Eq. (18), equivalent to the requirement that any 
two points of C which are mirror images of each other 
with respect to the real axis, belong to arcs of the same 
class. 


VI. THE POINTS WHICH SEPARATE C INTO ARCS 
OF DIFFERENT CLASSES 


Defining A(p,0) by 
A= &{[h(w)—m0 Jo}, (19) 


and remarking that » must be positive, we see from 
Eq. (18) that those arcs of C on which A>0 must belong 
to class (1) or (2), and those on which A<O must 
belong to class (3) or (4). Thus, as one traverses C, 
the situation changes from that of one class to that of 
another whenever A changes sign on C. The questions 
of which arcs of C contain zeros and which poles, and 
whether, on any arc, one performs the necessary inte- 
grations in the direction of increasing or of decreasing 6, 
are thus seen to be related to the question of where, on 


C, A changes sign. This question will now be answered. 
Let 


$(w) = f [helena (20) 


F(p,9)=R{Fw)}, G(o,P)=I{FW)}. (21) 
The equation of C, from Eq. (13), is then 
F(p,6) =0, 
and, in differential form, 
(OF /dp)+ (dF /00)d0/dp=0. 
From Eq. (21), 


d5/dp= (OF /dp)+7(9G/dp). 
But 


d5[p exp(i0) ]/dp= SF’ (w) exp (70) =[h(w) — m0 ] exp (70), 
from Eq. (20); therefore, 
(OF /dp)+i(dG/dp) =p wh (w) — 10] 


R{wlh(w) — 0 ]} =pdF/dp. 
Hence, from Eq. (19), 
A=p0F/dp. (23) 


We see immediately, from Eq. (19), that A is 0 at 
any point of C at which 4(w)=7». Also, from Eqs. (22) 
and (23), it is seen that any point of C at which d0/dp=0 
will be a point at which A vanishes. 


and 


From Eqs. (22) and (23), at the points we seek we 
must have either 


OF /00=0 or dé/dp=0 


the second of these derivatives referring to differentia- 
tion along C, i.e., with 6=@(p) being taken as the equa- 
tion of C. If dF /d6=0 is to hold, then, together with 
dF /dp=0, it implies F’(w)=0, i.e., h(w)=20. Thus we 
see that A will vanish at two kinds of points of C, and 
only two kinds, viz., those at which h(w)=20 (which 
include v, and v;) and those at which d6/dp=0. 

We wish to establish that A not only vanishes but 
actually changes its sign at these points. To do this we 
shall first prove that at these special points, C cannot be 
tangent to the curve 


OF (p,8)/dp=0. 


The slope of C at any point, i.e., the slope of the curve 
F(p,0)=0, found with the aid of Eq. (22), is 


(0F/00) sind—p(dF/dp) cosé 
(AF /80) cosd+p(dF/dp) sind 





Writing for the curve 0F/dp=0 the differential equa- 
tion analogous to Eq. (22), we find with its aid that the 
slope of the curve 0F/dp=0 at (,8) is 


(0°F'/dp00) sind— p(d?F/dp”) cosé 
(8F/dpd0) cosd-+p(a2F/dp*) sind 





We need now to distinguish two cases, viz., that in 
which 0F/0040 at the points in question, and that in 
which 0F/d0=0. 

At all of the points in which we are interested 
OF /dp=0. Thus, when 0F/0040, equating the slopes of 
F=0 and dF /dp=0, yields sin*#@+cos’?@=0. Hence, at 
these points the curves cannot be tangent.’ 

At the points where 0F/00=0 in addition to dF /dp 
=0, the slope of F=0, as written above, becomes in- 
determinate, but by |’Hospital’s rule it can then be 
written 


{ (OF /00) cos6(d0/dp)+ (0°F'/dp00) siné 
+ (0°F/06") sin6(d0/dp)— (dF /dp) cosé 
+ p(dF/dp) sind (d6/dp)—p(0?F/ dp) cosé 
—p(0F/dpd0) cos6(d6/dp)} 
+ {—(0F/00) sin6(d0/dp)+ (&F/dpd8) cosé 
+ (0°F /06?) cos6(d0/dp)+ (dF /dp) sind 
+ (AF /dp) cosé(d0/dp)+p(d?F/ dp?) sind 
+ p(0?F/dpd0) sind(d6/dp)}. 
Now, F(,0), by Eqs. (20) and (21), is a harmonic func- 
tion, and therefore satisfies Laplace’s equation: 
?F/00= —p(0F/dp)—p?(0?F / dp”). 


7 This argument is not valid if, at these points, p(d°F /dp*) =0. 
Such a circumstance, however, will not arise in practice, so it can 
be ignored with little loss of generality. 
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Substituting this expression for 0°//06? into the last 
expression for the slope of C, then setting both dF /dp 
and dF /00 equal to 0, and then equating to the slope of 
dF /dp=9, one obtains 


[(#F/dp00)/p(#F/dp*) P= —1, 


with the left-hand side the square of a real quantity. 

Thus, wherever A vanishes on C, C cannot be tangent 
to the curve 0F/dp=0; and this is true of all the arcs of 
C that might pass through such a point. The curve 
dF /dp=0 is the same as the curve pdF/dp=0, and so, 
from Eq. (23), we have now established that wherever 
A=0 on C, the curve A(p,6)=0 does not just touch C 
and then recede from it, but actually crosses C. 

But, as is seen from Eq. (19), A(p,0) is a harmonic 
function. From this it follows® that A>0O on one side 
of the curve A=0, and A<0 on the other. Thus, at any 
point C where either 4(w)=7 or d0/dp=0, A does not 
just become 0 and then back up on itself, but, upon 
passing through such a point, actually changes sign; and 
these are the only points at which it does so. 

These considerations are not valid at singularities of 
h(w), and in practice only the origin is such a point. 


VII. DETERMINATION OF THE ZERO- AND 
POLE-CONTAINING REGIONS OF C 


At the beginning of the last section we saw that A>0 
corresponds to class (1) or (2), and A<0O to class 
(3) or (4). It should certainly be required that the 
direction of integration not change abruptly in the midst 
of an analytic arc.* Hence, a point at which A=0, must 
be made to correspond to a transition either from 
class (1) to (3) or from class (2) to (4), when h(w) = 
(Le., at v, and »v,); and to a transition either from 
class (1) to (4) or from class (2) to (3), when d@/dp=0. 
That is, v, and v, will mark the transition between 
zero-containing and pole-containing regions of any 
arcs which pass through them, while points of C at 
which d6/dp=0 will lie in the interior of either kind of 
region. This is not at all surprising, since v, and 2, are 
points at which something physically important 
happens, so the configuration integral should be ex- 
pected to change its nature rather violently at these 
points; whereas points at which d@/dp=0 have become 
significant only because of the mathematical artifice of 
choosing +4 for ¢. 

According to Sec. II, the one-phase region will be 
surrounded clockwise by C and the two-phase region 
counterclockwise. This, together with the considerations 
of the preceding paragraph, completely determine the 
zero- and pole-containing arcs of C, and the directions 
along which one is to integrate over C. This will be 
made clear in the illustrative example in Sec. IX. 


VIII. THE DEFINITION OF THE INTEGRALS 


Any physically reasonable /:(v) will have a singularity 
at the origin, and the curve C will be found to pass 


* Though this is unavoidable at the critical point; see Fig. 2. 
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through the origin and the point at infinity. Conse- 
quently, some of the integrals over C used in preceding 
sections are, by themselves, meaningless. Often they 
can be given meaning, however, by requiring that these 
points be approached only through a limiting process 
which is such as to cause the exact cancellation of the 
singular contributions to all the integrals. This ismuch 
the same as taking the Cauchy principal value in 
simpler cases. 

Since these integrals are the limits of sums with 
finite V, it means that as more particles are added to the 
system, i.e., as the number of zeros and poles of the 
configuration integral increases, these zeros and poles 
approach the origin and the point at infinity in a defi- 
nitely correlated manner. Thus, for large V, knowing 
how close these points have gotten to the origin along 
some arc, implies the knowledge of how close they have 
come on other arcs which pass through the origin, and 
perhaps, in addition, how far from the origin they ex- 
tend on arcs which pass through the point at infinity. 
These correlations change with the volume and tempera- 
ture of the gas. An example of these relations will 
appear in Sec. IX. 


IX. ILLUSTRATIVE EXAMPLE 


A. 


The theory thus far developed will be illustrated by 
choosing for h(v), 
h(v) = a?/v® — b?/v?+-1/Br. (24) 
This function is of van der Waals type, with its singu- 
larity at the origin, and, insofar as it has the form of the 
first three terms of a virial expansion, is similar to an 
equation of state discussed by Rowlinson." Tempera- 
tures less than, equal to, or greater than the critical 
correspond, respectively, to a?/b‘8 less than, equal to, 
or greater than 3. Equation (12) becomes 


ro(Vg—t1) = —3a2(v5 2 — 07°) 
+82(v,7—077)+8- In(o,/v)) (25) 


and v, and v, are the largest and smallest, or the com- 
plex conjugate, soultions of Eq. (14): 


bv g, r?+B'v,, f*. (26) 
If 2, is written v,=po exp(7o), then below the critical 
point, >=0; above the critical point, In(v,/v;) = 276. 
With v=p exp(i6), the equation of C, as given by 
Eq. (13), is 
— 4a?(p~ cos20— py cos20o) +b? (p—! cos?— po cos6o) 
— 1 (p Cos?— py CoS.) +8 In(p/po)=0. (27) 


9 oma 
T= AVy 1 3_ 


Special cases of this curve are plotted in Figs. 1, 2, and 
3 for a?/b'B less than, equal to, and greater than 3, 
respectively. In each case, the appropriate values of 

9E. T. Whittaker and G. N. Watson, A Course of Modern 


Analysis (Cambridge University Press, London, 1927), fourth 


edition, p. 75. 
10 J. S. Rowlinson, J. Chem. Phys. 19, 831 (1951). 
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10, Po, 9 for use in Eq. (27), are obtained from Eqs. (25) 
and (26). The arrows show the directions of the inte- 
grations, and were determined from the two conditions, 
(a) that the one-phase and the two-phase regions be 
surrounded by C a net of once clockwise or counter- 
clockwise, respectively, and (b) that the direction of 
integration not change abruptly in the midst of a smooth 
arc, except at the critical point. The directions of the 
arrows at the critical temperature, Fig. 2, were derived 
as the consistent limiting case of temperatures above 
and below the critical. Note that in Figs. 2 and 3 every 
real, positive v is surrounded a net of once in a clock- 
wise direction, so the entirety of the corresponding iso- 
therms are given by /(v) without a break. 


B. 
Define the dimensionless quantities 
R=p/po 
a= Ba*/2p,° 
a2= Bb"/po 


Ti? (ae — Brropo) cos6y— ay) Ccos26> 


Y2=Bropo. 
Equation (27) can be solved explicitly for cos@ in terms 
of p. With the new variables and parameters, the solu- 
tion is 
cosé= (R?/4a1) {a.R !—~yoR 
+[ (a2R— y2R)?— 8a, R-(y1—InR—aR~) }}}. 
For small R, 


2-*+-a2R/4ar+ - - 
—2-!+a2R/4ar+ :- 


-, onl’; and I's 
cosd~ 
-,on ly and I; 





( 2-3 +a2R/4ay+ o6* Ty 
—2-+a2R/4a,+ ee T's 
sind~+ 
2-3—a2R/4ay+ vee Om I's 
(28) 
—2-3—aeR/4a,+ “oe. in T; 
a2R/2}a;+a;R? InR+ -= +, On I's and ls 
cost0~4 
—a2R/2'a;+a;1R? InR+-:--,onTyandIy 


1—ay*R?/4a;°+---, on I's and I’; 
—1+a2?R?/4a?+---, on Ty and Ts. 
For large R, 

cosd~ (y2R) InR—yi(y2R)!+- --, 

1— (2y2?R?)“(InR)?+ ---, on T'3 
—1+ (2y-?R*)“(InR)?+---, on Ty 
cos20~— 1+2(72?R*)“!(InR)?+ - - -, 

2(y2R)* InR—2y1(y2R)'+---, on T's 
—2(y2R) InR+2y1(y2R) "+: +-, on Ti. 


sin2o~| 


sind~| 
(29) 


sinzo~| 
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wd 











Fic. 1. The curve C below the critical temperature; v, and »; 
are enclosed by small dotted circles; !; and I; are the branches 
which connect v, with the point at infinity, I. is the closed branch 
which starts and ends at v, and surrounds the origin, and Ty, I, 
I's, 7 are the branches which connect 2 with the origin. 
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Fic. 2. The curve C at the critical temperature; the critical 
volume, 2-, is enclosed by a small dotted circle; [, and TY’; are the 
branches which connect v, with the point at infinity, I’: is the 
closed branch which starts and ends at v, and surrounds the 
origin, and I's, I's, I's, T' are the branches which connect v-¢ with 
the origin. 
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Fic. 3. The curve C above the critical temperature; v, and % 
are enclosed by small dotted dircles; points at which d@/dp=0 
are indicated by dotted crosses; I; and I’; are the branches which 
connect the complex phase volumes with the point at infinity, I 
is the branch which connects these points with each other, I’, and 
I's are the branches which connect one of these points with the 
origin, and I’; and I are the branches which connect the other of 
these points with the origin. 
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C. 
From Eq. (19), 


A=6"(1—72R cos#+ 2a,R~ cos20—a2R™ cosé). 
Hence, from Eq. (28) and (29), 


2}a2(28R)— on rs, I's 
~ (small R) 
— 2a2(2BR)“ on 14, [7 


A~—6"InR (large R), 


that is, A is positive on I’; and I's near the origin, nega- 
tive on I’, and I; near the origin, and negative on I’; and 
lr; near the point at infinity. 

But by Sec. VI, A will change sign along C at, and 
only at, solutions of k(w)=7» and points where d6/dp 
=(), an exception being made in the case of the origin, 
which is a singular point of h(w). Hence, in Figs. 1 and 
2, where no points satisfy d@/dp=0, A is seen to be 
positive on T2, I's, I's and negative on Ty, T's, Ts, Tz. 
Furthermore, in both these figures, the arrows go in the 
direction of increasing @ on T';, I's, 3 and decreasing 6 
on I's, I's, 6, '7. Consequently, by Sec. VI, Ts, Ts, Tz 
are zero-containing and T’;, I's, I's, I's are pole-containing. 

In Fig. 3, there are four points at which d6/dp=0, but 
besides marking a transition from positive to negative 
A, these points also mark a transition from increasing 
to decreasing #. On I'3, for example, as one passes 
through the dottéd cross with increasing p, the situation 
changes from that of positive A coupled with decreasing 
§ to that of negative A coupled with increasing 6; both 
these regions of I';, then, are pole-containing. In like 
manner, one verifies that each of the I’’s in Fig. 3 has 
the same zero- or pole-containing character that it has 
below and at the critical temperature. 

These results obviously satisfy the conditions des- 
cribed at the end of Sec. V. 


D. 


In Sec. VIII it was seen that a special discussion is 
necessary to give meaning to the integrals over C. Only 
two kinds of improper integrals appear, viz., those in 
Eqs. (10) and (11). Let 
h= f £[h(o)—nelte (top sign on Is, 4, T'7; 

4 


bottom sign on T), T's, I's, I's.) 
l= f [i(o)—ra] (ea) 
c 


Now, with h(v) given by Eq. (24), integrating along 
either ', or I'g, with 2, fixed and » near the origin, 


1 i [h(w) — 29 \dw= —4a?(pr? sin20;—p~ sin20) 
+6?(p:~ sin6;— p™ sin@) —B-!(0,—8) 


+7(p1 sindi—p siné), 
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the vanishing of the real part of {("[h(w)—7 |dw 
having been required by the equation for C. Then as 
v—0, the singular contribution to i@J, is 


+ (a,R~ sin26—a2,R- sin@) 
or, by Eq. (28), 

—a;/R?—2'a2/2R from I’, 

—a;/R?+2'ao/2R from I's. 


The same expressions will give the singular contribu- 
tions to 187, made by I; and T,, respectively. 

The integrals through the origin are to be given mean- 
ing by halting the integration process at some point 
near the origin on each of Ty, I's, I's, '7, and then 
allowing these points to approach the origin in such a 
way as to cancel the singular contributions. The way 
these points approach the origin is determined by the 
way the zeros and poles of the configuration integral 
approach the origin with increasing V, and these zeros 
and poles always occur in complex conjugate pairs. 
Thus, when R is e; on I’, it will also be e; on I'7; and 
when it is €2 on I’; it will also be e€2 on I's. The singular 
contributions to i167; can then be written 


— 2a;/€:?—24a2/€; from I.4+-T, 
— 2er;/€2?+ 24ar2/€2 from Ts +I. 


Now integrate over I’; from 2 to v, and allow p to 
approach infinity. Then the singular contribution to 
ipl is 

— eR sind 
or, from Eq. (29), 
—72R. 


The contribution from I; is the same. Thus, if one is at 
a distance of po/e; from the origin on T; and Ts, the 
singular contribution to iB/, is 


— 2y2/€3 from T,4Ts. 
The total singular contribution to 78/7, is then 
— 2a; (1/€s?+ 1/€:”) +24a2(1/e2— 1/€1) Sota’ 2y2/€3. 


Integrating along either I’, or I's, 


(30) 


f [h(w") — 20 |(v—w’)“"'dw’ 


= [h(v)—70 | In[ (w—v)/(wi—2) | 
— (04/20) (1/eo?—1/at)— (at? —0/0) 
X (1/w1— 1/w)+h(v) In(w1/w). 


With w=poR exp(i0), the singular part of this, as R-0, 
is seen to be 


(a;/BvR?) (cos26—1 sin26)+ (2p9a1/Bv? —a2/Bv) 
X (1/R) (cos#—i sind) —h(v) InR 








or, from Eq. (28), the singular part will be 


(a/v) (+ 2ha/2a,;R+a; InR +¥i/R?) 
+ (2poa1/Bv?—a2/B0) (2?/2R—121/2R) —h(v) InR, 


where the top sign refers to I's and the bottom sign to I’s. 
The corresponding contributions from I’; and I; will be 
the negatives of the complex conjugates of these. 

Integrating on I’; from w; to w, the singular contribu- 
tion to 7» is 


—[h(v)—20 | INR+h(v) INR=_ InR. 
The corresponding contribution from I’; is 
—o InR. 
Thus, the total singular part of iBv/» is 
2a (1/€2?— 1/€1”) +2? (2poai/v—a) (1/e24+1/e1). (31) 


It then follows from Eq. (31) that J2 is given meaning 
by carrying the integration to points on I'4 and I’; which 
are at a distance from the origin of poe1, and to points on 
I’; and I's which are at a distance from the origin of 
poe2; one then allows €; and €2 to approach zero, but 
correlated by 


1/€2= 1/€;— 23 (p9/v—ar2/2a1) +O(e1). 


Since a; and 72 are both positive, it is seen from Eq. 
(30) that there is no analogous way of correlating €3 to 
€, and €2 so as to secure the convergence of I;. Conse- 
quently Ay, as given by Eq. (10), becomes +. Thus, 
from Eq. (4), the number of zeros and poles of Qn in- 
creases more rapidly than N. It is therefore seen that a 
very great accumulation of zeros and poles of the 
configuration integral is needed at the origin to make 
the pressure strongly singular there. For a perfect gas, 
whose pressure has only a simple pole at the origin, 
Qn has only WN zeros at the origin, and no other zeros or 
poles. 


E. 


It remains now to verify the assumption made in 
Sec. II that C closes itself at the point at infinity in such 
a way as effectively to surround once, clockwise, every 
point which is far out on the positive v axis. In the illus- 
trative case being considered, what it is necessary to 
show is that !';+T3, below and at the critical tempera- 
ture, behaves as a closed contour in the integral J>. The 
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same kind of argument can be applied above the critica] 


temperature, where all volumes of interest are inside 


the contour. 
With w; and w: any two points on l';+T3, 


f [h(w) — 20 |(v—w) "dw = [h(v) — 70 J 


XIn| (1—2)/(we—2) | +A(2) — 70] 
Xi argl (wi—v)/(we—v) J+A(2) In| w2/e1| 
+h(v)i arg (w2/w1)— (a°/20) (1/w2?— 1/1") 
— (a?/v?— B?/v) (1/w2— 1/a) 


Now specify we=p exp(i0), wi1=p exp(—70); let pa; 
then by Eq. (29), 0-7/2. Also, let (wi1—v) =rexp(—ig); 
then 
’ exp(7¢), 
@e— = 


r exp(—2mi+ig), v inside [,+Ts, 


v outside [,;+-Ts 


as can be seen from Fig. 1 or 2. We have r—~ and 
¢g—1/2. Thus, the expression for the integral reduces 
to 


f [h(w) — 9 |(v—w) “dw 
Petts 


| irh(v)—ixLh(v)—2 |, v outside T,+T; 
imh(v)+iaLh(v)—2o ], v inside 11+T3. 


Hence, when 7 is inside ';+T’; there is a contribution to 
this integral, in excess of what would be found if v were 


outside, of 
2riLh(v)—7o0 |, 


which is the desired result." 
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1! The important steps in this proof were suggested to the author 
by H. Widom. 
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An SCF LCAO MO Study of N.*}f 


CHARLES W. SCHERR 
Laboratory of Molecular Structure and Spectra, Department of Physics, The University of Chicago, Chicago 37, Illinois 


The self-consistent-field molecular-orbital method in the LCAO (linear combination of atomic orbitals) 
approximation is applied to the ground-state configuration of the nitrogen molecule at the observed equilib- 
rium internuclear separation. No other approximations are used; all electrons are included. The forms of 
the resulting molecular orbitals are discussed. The s-p hybridization is computed to be 26.1 percent in agree- 
ment with Mulliken’s magic formula estimation of 21 percent. The quadrupole moment is computed to be 
—1.87 a.u. (experiment, 1.11 a.u. of undetermined sign). The ratio of the computed to the experimental 
total molecular energy is found to be 0.9905. Ionization potentials and single-electron excitation energies 
are computed and compared with experimental spectroscopic values. The spectral results are more en- 
couraging than have been hitherto reported from calculations by the LCAO molecular-orbital method. The 
approximation of neglecting the inner-outer-shell mixing, as it has usually been done in computations of 
this type, somewhat changes the present results and is not recommended. 





I. INTRODUCTION 


A’ exact quantum-mechanical solution of a problem 
in the electronic structure of matter is theo- 
retically possible, but in practice such a solution is only 
realizable in the simplest of cases ; consequently approxi- 
mate methods must be employed. One such approxima- 
tion is the method of molecular orbitals, which attempts 
to handle molecular problems by an extension of the 
SCF (self-consistent-field) method used in the treatment 
of atomic problems. That is, each electron in a molecule 
is assigned to a one-electron wave function, called an 
MO (molecular orbital), which extends over the whole 
molecule, and whose shape and energy are governed by 
the quantum numbers which define it. The total 
Y-electron wave function is built up as a product of 
such MO’s, which is then antisymmetrized in order 
to satisfy the Pauli exclusion principle. Each electron 
moves in the field of the nuclei and the other electrons. 
Linear combinations of such .V-electron wave functions 
may be necessary for a proper description even of the 
ground state in the case of some molecules, but for 
closed-shell structures a single antisymmetrized product 
wave function is frequently a good approximation. 

The best such single antisymmetrized product wave- 
function (i.e. the one which minimizes the energy) is 
the one built up of SCF MO’s.! The computation of 
accurate SCF MO’s is far too difficult a computational 
chore at present. Roothaan' has developed a procedure 
in which is determined the best \-electron wave func- 
tion built from LCAO MO’s. The method for deter- 
mining these LCAO MO’s is very similar to the Hartree- 
Fock method; hence these MO’s are called SCF MO’s. 


* A thesis, submitted to the Department of Chemistry, The 
University of Chicago, in partial fulfillment of the requirements 
for the degree of Ph.D. 

} Presented in condensed form at the Symposium for Molecular 
Structure and Spectra, held June 14-18, 1954 at the Ohio State 
University, Columbus, Ohio. 

{ This work was assisted in part by the Office of Naval Research 
under Task Order IX of Contract N6ori-20 with The University 
of Chicago, and in part by the Office of Scientific Research (Air 
Research and Development Command) under Project R-351-40-4 
of Contract AF18(600)-471 with The University of Chicago. 

‘C, C. J. Roothaan, Revs. Modern Phys. 23, 69 (1951). 
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The SCF LCAO treatment has been applied to a 
number of systems, but because of the formidable 
amount of tedious computations involved, most of these 
applications have included additional approximations. 
For example, it is generally found that the higher energy 
MO’s (valence shells) interact only slightly with those 
of lower energy (inner shells), and the lower energy 
MO’s interact only slightly with each other. Although 
the interaction elements are not necessarily small, 
they do enter with small coefficients. Previous authors 
have frequently set the coefficients equal to zero in 
order to reduce the size of a secular equation; as for 
example, in the treatments of COs, and CO.** Alter- 
natively, the contribution of the inner shells to the 
potential field for the other electrons is replaced by an 
effective Hamiltonian (or “smoothed core’’ potential) ; 
as for example, in the treatment of SF¢.‘ This latter 
procedure eliminates the chore of computing integrals 
involving inner shell orbitals. Another approximation 
frequently used is the estimation and/or neglect of 
some of the required integrals; as for example, the pre- 
vious examples and H,0.* Only a calculation® on BH 
has been carried out within the rigorous framework of 
the SCF LCAO MO theory.’ Further work of this 
character is needed to test the theory, to check the 
validity of the various approximations, and to obtain 
new information. 

The present paper presents the SCF LCAO MO 
treatment of N2 in which no other approximations than 
those inherent in the theory have been employed. The 
most extensive previous calculation on Ne has been 


2 J. F. Mulligan, J. Chem. Phys. 19, 347 (1951). 
3R. C. Sahni, Trans. Faraday Soc. 49, 1246 (1953). 

4A. B. F. Duncan, J. Chem. Phys. 20, 951 (1952). 

5 F, O. Ellison and H. Shull, J. Chem. Phys. 21, 1420 (1953). 

6 R. C. Sahni, private communication to this laboratory. 

71. Fischer-Hjalmars [Arkiv Fysik 5, 349 (1952) ] treated LiH 
and BeH? as four-electron problems. She explicitly calculated all 
necessary integrals. Her calculation is almost equivalent to an 
SCF LCAO calculation, for she minimized the energy of a single 
configuration with respect to the coefficients of the atomic 
orbitals (plus other parameters), but she allowed only enough 
inner-outer-shell mixing to insure orthogonality among the 
filled MO’s. 
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TABLE I. One-electron integrals. 













































Overlap Kinetic energy* Potential energy* 
1 1 1 1 

xi x2 (x10| x28) (x1a| —$A| x20) (x1al —4A| x20) (x0 ra x) (x ra x26) (x rb x) (x re xn) 
1s 1s 0.000076 22.445 _—0.001062 6.7 0.000096 0.000096 0.483676 
1s 2s 0.054160 — 5.985879 — 0.008663 — 0.893415 0.180144 0.027918 0.000000 
1s 2po 0.089263 0 0.009462 0 0.300443 0.045942 0.014235 
2s 2s 0.450216 2.240990 0.113985 1.079566 0.307834 0.307834 0.476423 
2s 2po 0.432048 0 0.281152 0 0.361883 0.282714 0.161861 
2po 2po 0.320621 1.90125 0.524827 0.975 0.290874 0.290874 0.550842 
2pr 2pr 0.282187 1.90125 0.168604 0.975 0.180798 0.180798 0.439779 










































® Atomic units. 


given by Kopineck, who ultimately handled it as a 
ten-electron problem.’ Unfortunately, Kopineck em- 
ployed a nodeless 2s AO (atomic orbital), and in 
addition used the effective nuclear charge as a param- 
eter, which, in the absence of any inclusion of the 
is AO’s, allowed the 2s AO to pass over almost com- 
pletely into a 1s-like AO. There are other objections to 
his treatment,® and so no comparison will be made with 
Kopineck’s results. 

In order to obtain a more intimate insight into the 
nature of the SCF LCAO MO’s by way of interpretation 
of results, an electron distribution calculation originally 
proposed!" and studied” by Mulliken will be employed. 
This calculation gives information about such im- 
portant matters as the degree of hybridization, bond 
multiplicity, and the bonding or antibonding nature of 
the MO’s. 


II. DETAILS OF THE CALCULATION 


The AO’s used are real normalized Slater AO’s,” 
namely 
4-5 1s= (51°/m)! exp(—Sf17), 


Aye 2s*= (¢25/3x)'r exp(—tsr), 


2po cos6, (1) 
2p = (£25/m)'r exp(— tay sin8 cos¢, 
2pm sind sing ; 


for the orbital exponents" ¢; and £2 Slater’s values,!® 
(:=6.7 and 2.=1.95, 


8H. J. Kopineck, Z. Naturforsch. 7a, 22, 314 (1952). 

9M. Wolfsberg, J. Chem. Phys. 21, 2166 (1953). 

1 R. S. Mulliken, J. chim. phys. 46, 497, 675 (1949). 

1 R. McWeeny, J. Chem. Phys. 19, 1614 (1951). 

2 The author wishes to acknowledge Professor Mulliken’s kind 
permission to utilize material from a forthcoming publication, in 
which the material of the present Section III as well as certain 
quoted numerical results will be treated in greater detail. The 
notation adopted in the present paper is tentative and subject to 
revision by Mulliken’s future definitive paper. 

s-\ 8 J.C Slater; : ~ 36, 57 (1930). 
AP / 4 This term was introduced in reference 19; it is the effective 
, /nuclear charge divided by the principal quantum number. 
\ Ry 15 The best ¢ values for the neutral atom in the 4S’ state (ground 

: state) were computed by the author to be {(1s)=6.665; ¢(2s) 
= 1.924; ¢(2p)=1.917. These values give an atomic energy of 
— 54.269 a.u., which may be compared with the unimproved 
Slater value, — 54.265 a.u.; the Hartree-Fock value [Hartree and 
Hartree, Proc. Roy. Soc. (London) 193A, 302 (1948) ], —54.373 
a.u.; and the experimental value, — 54.627 a.u. The experimental 
value was computed from the tables of C. E. Moore, Atomic 
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are used. The Z-axes, centered on each atom, lie along 
the internuclear axis, with the positive Z-directions 
towards each other. 

It is convenient if the AO’s belonging to each par- 
ticular atom form an orthonormal set. The AO’s in 
(1) are normalized and are mutually orthogonal except 
for the 1s and 2s* AO’s. An orthonormal set may be 
obtained by replacing the 2s* AO by 


2s= (1—S?)-*[ (2s*) —S(1s)], (2) 


where S is the mononuclear overlap integral, (1s| 2s*), 
equal to 0.2279213. A consequence of this orthogonaliza- 
tion is that the 2s AO has a node, and is a rather good 
approximation to the Hartree-Fock 2s AO, unlike the 
nodeless 2s* AO. Another consequence of this ortho- 
gonalization, discussed in Appendix I, is that all the 
integrals (except the mononuclear integrals) which con- 
tain the mononuclear charge distribution 152s become 
very small. 

In the SCF LCAO MO procedure each MO is formed 
as a linear combination of all the available AO’s. 
Therefore, since each MO is formed as the best linear 
combination of these AO’s, it makes no difference for 
the final MO’s whether the set of AO’s 1s, 2s, 29 or of 
1s, 2s*, 2p is used. If complete mixing of the AO’s is not 
allowed the numerical results will depend upon the set 
chosen; in this case the 2s AO given by (2) should be 
used, whereas the use of the 2s* AO is questionable. 

The most arduous chore in the present work was the 
computation of the required integrals. These integrals 
are calculated at the N—N internuclear separation as 
given by Raman spectra,'® 1.094 A, or 2.0675 a.u." 
Tables I and II list the one-electron integrals and the 
hybrid integrals respectively.'*:!® These integrals were 
easily evaluated on a desk machine to six to eight 
Energy Levels, Natl. Bur. Standards (U. S.), Circ. 467, Vol. I 
(1949) ; the experimental value is the energy required to strip off 
all the electrons from the atom, one after the other. The slight 
differences between the Slater ¢ values and the improved Slater 
¢ values can be expected to produce negligible differences in 4 
molecular calculation. 

16 See G. H. Herzberg, Spectra of Diatomic Molecules (D. Van 
Nostrand Company, Inc., New York, 1950), p. 552. 

17 The following atomic units are used in the present report; 
lengths in units of the Bohr radius, a7=0.529171 A; energies in 
units of e/ay= 27.206 ev. 

18C, C. J. Roothaan, J. Chem. Phys. 19, 1445 (1951). 


19 Ruedenberg, Roothaan, and Jaunzemis, Technical Report, 
this laboratory, 1953, pt. II, J. Chem. Phys. (to be published). 
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TABLE II. Hybrid integrals.* 











x1 x2 x3 x4 Cx1ex20| x3ax40] x1 x2 x3 x4 Cx1ex2a| xsax4d] 
1s 1s 1s 1s 0.00009 2s 2po 2s 2s 0.05267 
1s 1s 1s 2s 0.14703 2s 2s 2po 2po 0.23174 
1s 1s 1s 2po 0.24469 2s 2po 2s 2po 0.05447 
1s 1s 2s 1s 0.02792 2s 2po 2po 2s 0.08311 
1s 1s 2po 1s 0.04594 2po 2po 2s 2s 0.28076 
1s 2s 1s 1s 0.00000 2s 2po 2po 2po 0.09266 
1s 2po 1s 1s 0.00000 2po 2po 2po 2s 0.26702° 
1s 1s 2s 2s 0.31372 2po 2po 2s 2po 0.31627 
1s 1s 2s 2po 0.37180 2po 2po 2po 2po 0.25789 
ls 1s 2po 2s 0.28236 1s 1s 2pr 2pr 0.18060 
1s 1s 2po 2po 0.29028 1s 2s 2px 2pr —0.00035 
1s 2s 1s 2s — 0.00878 1s 2po 2px 2pr 0.00345 
1s 2s 1s 2po —0.01473 2s 2s 2pr 2pr 0.15776 
1s 2po 1s 2s 0.00162 2s 2po 2px 2px 0.02865 
1s 2po 1s 2po 0.00267 2po 2po 2pr 2pr 0.16088 
Is 2s 2s 1s 0.00000 1s 2pr 1s 2px 0.00092 
1s 2s 2po 1s 0.00000 1s 2pr 2s 2pr 0.00452 
Is 2po 2s 1s 0.00088 1s 2pr 2po 2pr 0.00345 
1s 2po 2po 1s 0.00144 2s 2pr 1s 2pr 0.00164 
2s 2s Is 1s 0.00006 2po 2pr 1s 2pr 0.00031 
2s 2po 1s 1s 0.00002 2s 2pr 2s 2pr 0.03409 
2po 2po 1s Is 0.00006 2s 2pr 2po 2pr 0.02865 
Is 2s 2s 2s 0.00019 2po 2pr 2s 2pr 0.01237 
Is 2s 2s 2po 0.00037 2po 2pr 2po 2pr 0.01651 
1s 2s 2po 2s — 0.00062 1s 2px 2pr 1s 0.00004 
Is 2pe 2s 2s 0.00722 1s 2pr 2pr 2s 0.00839 
Is 2s 2po 2pe —0.00103 1s 2pr 2pr 2po 0.01206 
1s 2po 2s 2po 0.00880 2s 2pr 2pr 1s 0.00039 
Is 2po 2po 2s 0.01307 2po 2pr 2px 1s 0.00026 
1s 2po 2po 2po 0.01740 2s 2pm 2pm 2s 0.04587 
2s 2s 2s 1s 0.02708 2s 2pr 2pr 2po 0.05901 
2s 2s 2po 1s 0.04457 2po 2pr 2pr 2s 0.01159 
2s 2po 2s 1s 0.00931 2po 2pr 2pr 2po 0.01296 
2s 2po 2po 1s 0.01533 2pr 2pr 1s 1s 0.00005 
2po 2po. 2s 1s 0.03164 2pr 2pr 1s 2s 0.05042 
2po 2po 2po 1s 0.05154 2pr 2pr 1s 2po 0.08325 
2s 2s Is 2s 0.04941 2pr 2pr 2s 1s 0.02486 
2s 2s 1s 2po 0.08159 2pm 2pr 2pa Is 0.04119 
2s 2po 1s 2s 0.00287 2pr 2pr 2s 2s 0.26478 
2s 2po 1s 2po 0.00464 2pm 2pm 2s 2po 0.30016 
2po 2po 1s 2s 0.05091 2pr 2pr 2po 2s 0.23463 
2po 2po 1s 2po 0.08408 2px 2pr 2po 2po 0.22255 
2s 2s 2s 2s 0.26763 2pr 2pr 2pr 2pr 0.16442 
2s 2s 2s 2po 0.30172 2px 2pr 2pit 2p 0.15105 
2s 2s 2po 2s 0.24369 2pr 2p 2pr 2pi 0.00668 











* Atomic units. 


significant figures. Table III lists the coulomb integrals 
and the exchange integrals.'*.* The coulomb integrals 
were obtained to eight places by interpolations into 
tabulations prepared with the use of IBM equipment 
at Iowa State College for this laboratory. Some of the 
exchange integrals were only obtained to five decimal 
places; the computation of additional places would have 
involved a disproportionate amount of labor. For this 
reason all the integrals were rounded off to five decimal 
places. Those exchange integrals involving only 2pm and 
2p AO’s were taken directly from the tabulations of 
Kotani et al." All other integrals reported by them were 
recalculated at the present internuclear separation, and 
excellent agreement was obtained. The computation 





* K. Ruedenberg, J. Chem. Phys. 19, 1459 (1951) ; and a revised 
version which is to be published shortly. 

* The article by Kotani, Ishiguro, Hijakata, Nakamura, and 
Anemiya, J. Phys. Soc. Japan 8, 463 (1953) contains all the 
needed integrals involving 2s* and 2p AO’s tabulated to six or 
seven decimal places as functions of p in steps of 0.25. 


of all the present integrals was extensively checked.” 

From the ten available AO’s (each of the five AO’s 
listed in (1) on center a and on center b) only the follow- 
ing ten SCF LCAO MO’s can be formed: 1o,, 204, 3a, 
lou, 20u, 30x, 14u, lu, 1,, 1#,. As the notation indi- 
cates, these MO’s belong in sets to irreducible repre- 
sentations of the group D,,,, the symmetry group of 
the molecule; the prescripts 1, 2, 3 are in the order of 
increasing energy within a particular irreducible repre- 
sentation or symmetry species. Because of the symmetry 
of No, xra (AO x, on center a) and x,» can enter into 
each SCF LCAO MO only with their coefficients in 
the ratio +1; hence it is convenient to form the LCAO 
MO’s as linear combinations of the following unnor- 


2T would like to thank Dr. R. C. Sahni for pointing out an 
error in one of the integrals. Duplicate computations by the author 
and Mrs. G. Lenkersdorf were pursued simultaneously and checked 
in detail at every step. It is hoped that in this way serious error 
has been avoided. 
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TABLE III. Exchange and coulomb integrals.* 








Orbitals 





Mononuclear Coulomb Exchange 
xi x2 x3 x4 Lxtax2a|xsax4a] [xtex2a|x36x40] [Cxiax2b! x20x40] 
1s 1s 1s 1s 4.1875 0.48368 0.00000 
1s 1s 1s 2s —0.38317 0.00000 0.00000 
1s 1s 1s 2pe 0.01424 0.00001 
Is 1s 2s 2s 0.97159 0.47581 0.00003 
Is 1s 2s 2pe 0 0.16085 0.00003 
ls 1s 2pa0 2po 0.96858 0.54913 0.00003 
1s 2s 1s 2s 0.05855 0.00000 0.00622 
1s 2s 1s 2peo 0 0.00000 0.01033 
1s 2po is 2po 0.02184 0.00084 0.01714 
2s Is 1s 2s 0.05855 0.00000 0.00162 
2s 1s 1s 2pa 0 0.00000 0.00266 
2po Is Is 2pa 0.02184 0.00084 0.00437 
Is 2s 2s 2s —0.01476 —0.00050 0.01778 
1s 2s 2s 2pe 0 —0.00082 0.02109 
1s 2s 2po 2s 0 —0.00082 0.01653 
1s 2po0 2s $s 0 0.01238 0.02929 
Is 2s 2pa 2po —0.00791 —0.00136 0.01729 
1s 2poa 2s 2pa 0.02913 0.00704 0.03477 
1s 2p0 2po 2s 0.02913 0.00704 0.02722 
1s 2pa 2pao 2pe 0 0.01649 0.02847 
2s 2s 2s 2s 0.68975 0.44658 0.13367 
2s 2s 2s 2pe 0 0.11912 0.14022 
2s 2s 2pa0 2po 0.69784 0.48474 0.12842 
2s 2pa 2s 2pe 0.15032 0.04162 0.15760 
2po 2s 2s 2pe 0.15032 0.04162 0.14317 
2s 2po0 2po 2po 0 0.13375 0.14447 
2p0 2po 2po 2po 0.76324 0.53195 0.15262 
1s 1s 2px 2pr 0.96858 0.43976 0.00002 
1s 2s 2px 2p —0,00791 —0.00003 0.01003 
1s 2po0 2px 2px 0 0.01046 0.01656 
1s 2px is 2pr 0.02184 0.00042 0.00005 
1s 2px 2s 2pr 0.02913 0.00464 0.00034 
1s 2px 2po 2p 0 0.00307 0.00030 
1s 2px 2pmr is 0.02184 0.00042 0.00000 
1s 2px 2pmr 2s 0.02913 0.00464 0.00054 
1s 2px 2px 2po 0 0.00307 0.00075 
2s 2s 2px 2pr 0.69784 0.42945 0.07838 
2s 2po 2px 2pr 0 0.11451 0.08090 
2p0 2po 2px 2px 0.68098 0.46525 0.07189 
2s 2px 2s 2pr 0.15032 0.04586 0.01953 
2s 2px 2po 2pr 0 0.02334 0.02275 
2po0 2pxr 2po 2px 0.04113 0.01198 0.02831 
2s 2pmr 2pmr 2s 0.15032 0.04586 0.01804 
2s 2px 2px 2pe 0 0.02334 0.01901 
2po 2px 2pr 2pe 0.04113 0.01198 0.01895 
2px 2pe 2pwr 2pr 0.76324 0.41856 0.04976 
2px 2pw 2p 2p7 0.68098 0.40611 0.04456 
2px 2pwe 2px 2pF 0.04113 0.00622 0.00260 








® Atomic units. 


malized set of primitive symmetry MO’s: 


ogls=2-3(1sa+1s,), og25=2-3(25a+2s,), 
og2p=2-3(2po.+2p01), 
Oy425=2-3(2sa—25»), 
oy.2p=2-}(2poa—2por), 
Tulp=2(2pwat2pms), u2p=2-*(2pT.t+2pTr), 
mylp=2(2pma—2pms), j2p=2-}(2pH.—2pm). | 


For example, the SCF LCAO MO’s of the oa, species 
are given by 


mo,=C miog1S+C moog2S+C mao g2p, 


~ 


oyls=2-3(1sa—155), (3) 





with m=1, 2, 3. 


Mulliken has identified the ground state configura- 
tion of Ne as 


10,)"10,,)?20,)"20.)"19u)43ag)”, 'Zyt, (4) 


where the MO’s are arranged in order of increasing 
energy. 
The general SCF LCAO MO procedure is adequately 
described elsewhere':? and need not be repeated here. 
Let the collection of all possible LCAO MO’s of a 
particular symmetry species (or in the case of a de- 
generate representation subspecies) be termed an LCAO 


*%R. S. Mulliken, Revs. Modern Phys. 4, 1 (1932). 
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class. The number of linearly independent members 
of such a class is equal to the number of available 
primitive symmetry MO’s of the required species (or 
subspecies). In the present case the classes are the g,, 
Tuy Tuy uy T,, and #, classes, whose members can be 
constructed from the primitive symmetry MO’s (3), 
Note that for any one-membered class the LCAO 
coefficient is completely determined by the normaliza- 
tion condition ; thus in the present case the  MO’s are 
uniquely determined. 

In Appendix ITI, it is shown that the properties of the 
total molecular wave function are unaffected by the 
particular LCAO form of any completely occupied class. 
Also, the contribution of a completely occupied class 
to the potential fields in which the electrons move is 
independent of the particular LCAO forms of the mem- 
bers of the class, and hence is equal to the contribution 
of the SCF set of that class. In the general case all 
the LCAO coefficients must be varied simultaneously 
throughout each iteration until self-consistency is ob- 
tained in all of them. But the LCAO coefficients of the 
completely occupied classes (in the present case the 
Oy, Tu, and #, classes) may be kept fixed throughout 
all iterations. Then, when self-consistency has been 
achieved for the incompletely occupied classes, the 
solution of the secular equations for the completely 
occupied classes immediately yields their desired SCF 
form (that is, no further iterations are necessary). 

The trial set of coefficients for the first iteration was 
guessed at and, for each subsequent iteration, was the 
normalized set resulting from the previous iteration. 
It was found that for successive iterations the ratio of 
successive changes in the coefficient of any one AO was 
very nearly constant. This fact was employed to ex- 
trapolate to the total necessary change from only 
three iterations, and the eigenvectors so obtained were 
found to be self-consistent to one part in 10°. An 
example of this procedure is shown in Table IV, where 
the extrapolation was equivalent to twelve iterations. 

The improvement in the total molecular energy due to 
s-p hybridization is found by comparing the total 
molecular energy computed with hybridization (the 
actual case) to that computed for the hypothetical case 
of no hybridization. The latter is calculated by con- 
structing the 1o, and 2¢,, MO’s only from the o,1s and 
g,2s symmetry MO’s. With this arbitrary omission the 
MO’s occur only in completely occupied LCAO classes, 
and the total molecular energy for the case of no 
hybridization is therefore uniquely determined. 

The dissociation energy is calculated by subtracting 
the computed total molecular energy from the energy 
of two 15°2s?2p%, 4S’, nitrogen atoms, the latter calcu- 
lated by using the same orbital exponents as were used 
in the molecular calculation. 

It has been shown that!4 


E(?®;) — E('@o) = — «i, 
* T, Koopmans, Physica 1, 104 (1933), 
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TABLE IV. Iteration extrapolation.* 











Coefficient Ratio of suc- Coefficient Ratio of suc- 
Result of of ou2s cessive A’s of cu2p A cessive A's 
Initial guess 1.180733 —0.201779 
ist iteration 1.146059 eee 0.4098 —0.240821 Saari 0.4039 
2nd iteration 1.131849 0.005834 0.4105 —0.256591 0.006436 0.4081 
3rd iteration —_ 1.126015 : —0.263027 . 
T otal change for the next twelve 
“terations found by extrapolation 0.004063 0.004439 
Ab’ ove extrapolation 1.121952 — 0.267466 
Renormalization 1.121976 — 0.267472 
Next iteration 1.121957 —0.267492 
Final iteration 1.12195 — 0.26750 














® Example taken from an actual calculation of the 20.MO for the incomplete treatment. 


where E('#o) is the energy of the ground state; E(*®;) 
is the energy of the positive ion resulting from the re- 
moval of an electron in the ith MO; and e¢; is the orbital 
energy of the ith MO. Hence the e;’s may be taken as a 
first approximation to the ionization potentials. Mulli- 
ken” has shown that the e¢,’s are actually better ap- 
proximations than might have been expected. 

The excitation energy for the transition of an electron 
from the ith filled MO to the ath excited MO is given 
by the following formula’: 


E(!3@;4) —E('®o) = €a— €:— (Jia—Kia)+Kia, (5) 


where J;, and Kj. are the Coulomb and exchange in- 
tegrals respectively between the ith and ath MO’s. 
The upper sign refers to the singlet, the lower to the 
triplet. If both orbitals 7 and a are degenerate, Eq. (5) 
is not applicable. The special formulation required in 
this event for the case of N»2 is presented in Appendix III. 

The calculation of the ionization potentials and exci- 
tation energies is of course only valid for vertical transi- 
tions (transitions in which the positions of the nuclei 
remain fixed), and also does not allow for zero-point 
vibrational energies. Since the experimental data are 
frequently reported as those for O—O vibrational 
transitions etc., adjustments have been made in the 
experimental data in order to compare them with the 
present theoretical results. The appropriate experi- 
mental vibrational frequencies are used to correct for 
zero-point energy, and, in the harmonic approximation, 
for nonverticality. 

The quadrupole moment of Neo, Q(Ne), in units of 
edy”, is given by (e is the absolute value of the electronic 
charge; R is the internuclear separation measured in 
units of ay): 


ON) =— far © X r 2 P2(cos0,) 
XP(N2)+(7/2)R*. (6) 


The first term on the right is the electronic contribu- 
tion, and the second term is the nuclear contribution. 
Since the dipole moment of N» vanishes, the origin of 
the r,, 0, system may be taken at any point. Since the 
quadrupole moment operator in Eq. (6) is a sum of 


one-electron operators, the 14-electron integral may be 
resolved into one-electron integrals over each MO.” 

In addition to the complete SCF calculation described 
above, a calculation was performed in which the inner- 
outer-shell mixing .was neglected (this will be referred 
to as the “incomplete treatment”). This approximation 
was accomplished by putting the components of the 
eigenvectors corresponding to the mixing equal to zero, 
and reobtaining self-consistency under these conditions. 
In this case the only parameter to be varied is the ratio 
of the coefficients of o,2s and o,2p in the 2c, MO. 


III. MULLIKEN’S ELECTRON DISTRIBUTION 
ANALYSIS” 


Mulliken’s electron distribution analysis is based 
on the following definitions”:”: 


N(i5 Fey81) = IN (1)CireC iss | ) 





X (xre| x82) 5 | (7a) 
n(i)= >> ni; rx,82)3 | | (7b) 
pi | overlap populations t 
M(reyS1) =o n(i; 7z,S1) 3 | (7c) 
n=) n(1) ; | (7d) 
and 
N (i: 1x) =N @Cire2+N (3) 
x< Z Cir, Cis; (8a) 
lt k | 
X (xre| xs1) 5 ratomic populations | 
N@=> Nis); | | (8b) 
Tk | 
NQ)=CONG5 re); | | (8c) 
¢ ) 


J 


where Cir; is the SCF LCAO coefficient of xr; in the ith 
filled MO; (xrx|xsz) is an overlap integral; and NV (i) is 
the number of electrons in the ith MO. 


26 Eyring, Walter, and Kimball, Quantum Chemistry (John Wiley 
and Sons, Inc., New York, 1944), p. 145, Eq. (9-51) and ff. 
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TABLE V. The SCF LCAO MO’s for N:2 from the complete treatment. 











«i computed i , 
MO’s LCAO form (a.u.) (ev) s - - 
lo, 0.99899 (a,15) +0.01160(0,2s) +0.00257 (¢,2) —15.72188 —427.729 
2a, — 0.08153 (o,1s) +0.67228 (o,2s) +0.33907 (0,2p) — 1.45270 — 39.522 tee 
30, 0.04299 (a,1s) +0.55883(,2s) —0.85312(0,2p) — 0.54458 — 14.816 — 15.6028 
lo, 1.00249 (c,,15) +0.02719(¢,,2s) +0.01215(o,2p) —17.71978 —427.672 tee 
Qe. 0.01052 (¢,15) +1.02041 (c,,2s) — 0.37622 (0.2) — 0.73059 — 19.877 — 18,72» 
3ou 0.23418 (¢,15) +1.66328(¢,,2s) +1.72053 (o..2p) 1.10267 29.999 tee 
17, 0.88313 (7142p) — 0.57973 — 15.772 —17.08° 
17. 0.88313 (7.2)) — 0.57973 — 15.772 — 17.08¢ 
1m, 1.18031 (4,2p) 0.27293 7.425 on 
1%, 1.18031 (7,2p) 0.27293 7.425 








® Reference 16, p. 459. 
b From the 22*u state of Net; reference 16, p. 554 


¢ From the 2II, state of Net; A. E. Douglas, Can. J. Phys. 30, 302 (1952); R. E. Worley, Phys. Rev. 89, 863 (1953). 


The overlap populations provide a rough measure for 
the electron density between the nuclei.”* A positive 
n(i) thus identifies the ith MO, according to the con- 
ventional picture, as bonding, whereas a negative n(z) 
identifies it as antibonding.?’ Hence m(i) should approxi- 
mately correlate with AR,, the change in the inter- 
nuclear separation upon ionization of an electron in 
the ith MO. Indeed, Mulliken” has shown empirically 
that, for a few examples of previous SCF LCAO calcu- 
lations which he has discussed, it is roughly true that 


n(t)/2n~2AR,/R. (9) 


The atomic population indicates the electron density 
“belonging to” each AO on an atom.”® The degree of 
s-p hybridization of a first row atom is defined” as the 
difference of the NV(r)’s evaluated for the s electrons 
in the free atom and for the atom in the molecule. Any 
proper definition of atomic populations should be such 
as to put exactly two electrons in each MO for closed 
shell molecules, and indeed it follows directly from the 
definitions (8a) and (8b) that 


N (i) =2. 


It is shown in appendix II that the contribution from 
a completely occupied LCAO class is exactly one elec- 
tron to the N(r) of each AO from which it is con- 
structed. 


TaBLeE VIA. AO Populations in N2.* 











N (4; 15) N (4; 2s) N (i; 2pe) N (i) 
lo, 1.99783 0.00167 0.00050 2.00000 
20, 0.00242 1.50189 0.49569 2.00000 
3e, —0.00025 0.49644 1.50381 2.00000 
lo, 2.00469  —0.00243  —0.00226 2.00000 
2ou — 0.00023 1.47547 0.52476 2.00000 
o, subtotals 2.00000 2.00000 2.00000 6.00000 
o, subtotals 2.00445 1.47305 0.52250 4.00000 


s— p Hybridization : 26.13 percent. 





IV. DISCUSSION OF THE RESULTS 


The computed SCF LCAO MO’s are presented in 
Table V. As was expected, the inner-outer-shell mixing 
is extremely small. The large coefficient of the o,ls 
symmetry MO in the 3c, MO does not represent a large 
1s atomic population, as may be seen from Table VIA, 
where the 1s atomic population for the 30, MO would 
assign it —0.0045 electrons. 

Since V2 closely resembles the isoelectronic CO mole- 
cule experimentally, it is pertinent to compare the 
Nz MO’s with those of CO.* The electron configuration 
of CO may be written 


10)?2c)?30)40)*19)*50)?, 1+, (10) 


where the MO’s are arranged in order of increasing 
energy. The 1o and 2c MO’s correspond in Sahni’s treat- 
ment”s to the free atom 1s AO’s on O and C, respectively. 
Each of the MO’s in (10) may be correlated with the 
similarly relatively positioned MO in (4). The ratios 
of the sum of the coefficients of the 2s AO’s to that of 
the 20 AO’s is in close correspondence with the ratios 
in the Ne MO’s. The correspondence of the 40 MO and 
the 2c, MO is quite good. It is essentially this latter 
MO which, in Ne, determines the s-p hybridization (the 
contribution of the 1c, MO is negligible). 

The calculated quadrupole moment of Ne is —1.8/ 
a.u.; the experimental value is 1.11 a.u. of undeter- 
mined sign.”* Greenhow and Smith have investigated 
theoretically the quadrupole moment of Np» as a func- 
tion of hybridization using a cruder wave function than 
the present one (no inner-outer-shell mixing, non- 
orthogonal MO’s and a nodeless 2s AO). Their value 
of the quadrupole for the present degree of hybridiza- 
tion (see below) is about —1.57 a.u. 

The SCF LCAO MO orbital energies obtained for 
the filled ground state MO’s of Ne are drawn in Fig. 
1(a) along with the three experimental ionization 





® Tabulations include both atoms. 


26 In the present case m(ra,5v) =m(r0,Sa) for all the definitions (7) 
and N(ra)=N(r») for all the definitions (8). 

27 Negative densities can occur with the definitions (7) and (8). 
They signify less electron density between the atoms than is 
present with two noninteracting atoms. 





28 Since Sahni presented an incomplete treatment of CO, he 
essentially worked only with the 30, 4c, 5c, and rMO’s, which 
he denominated to, so, uo, mz, and my respectively. 

2 Gordy, Smith, and Trambarulo, Microwave Spectroscopy (John 
Wiley and Sons, Inc., New York, 1953), p. 345. 

%”C. Greenhow and W. V. Smith, J. Chem. Phys. 19, 1298 
(1951). 
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TABLE VIB. Overlap populations in No. 








n(i; 1Sa,2sb) n(i; 1Sa,2por 


) 
n(i;1sa,1s6) +m(i;150,2sa) +n(4;150,2poa) (4; 250,250) 


n(i; 2sa,2pos) 





+n(t; 2sb,2poa) n(t; 2poa,2pos) n(i) n(i)/2n 2ARi/R 
lo, 0.00015 0.00251 0.00092 0.00012 0.00005 0.00000 0.00375 
20, 0.00000 —9.01187 — 0.00987 0.40695 0.39393 0.07372 0.85286 
304 0.00000 0.00521 —0.01310 0.28120 — 0.82392 0.46670 —0.08391 —0.033 0.041 
lo, —0.00015 — 0.00590 — 0.00435 — 0.00067 — 0.00057 — 0.00009 —0.01173 
Mou 0.00000 —0.00233 0.00141 — 0.93756 0.66346 — 0.09076 —0.36578 —0.143 —0.035 
Ir, 0.44017 
It, 0.44017 0.173 0.162 
o, subtotals 0.00015 — 0.00415 —0.02205 0.68827 — 0.42994 0.54042 0.77270 
g, subtotals —0.00015 — 0.00823 — 0.00294 — 0.93823 0.66289 — 0.09085 —0.37751 
¢ subtotals 0.00000 —0.01238 — 0.02499 — 0.24996 0.23295 0.44957 0.39519 


n(Total overlap population) = 1.27553 








potentials. The inner shell energies (~428 ev), not 
shown in Fig. 1(a), are near the corresponding experi- 
mental values found for the inner shells of the N atom 
in N2*! (~397 ev) and other molecules” (~400 ev). 
The discrepancy is comparable to that obtained for the 
carbon and oxygen atoms in CO: and CO by Mulligan 
and Sahni. The experimental separation of the highest 
filled level (30,) and the next lower (7-,,) after correction 
for nonverticality is 1.48 ev®*; consequently it is satis- 
fying that not only is the correct order found, but that 
the computed spacing is 0.95 ev. The average absolute 
discrepancy in the positioning of the first three filled 
levels is about 1.1 ev, similar to that found by Ellison 
and Shull® for H,O. In line with all the previous de- 
tailed SCF LCAO MO calculations, !~*5 the best agree- 
ment is found with the lowest ionization potential, and 
the smaller potentials are found too small, the larger 
too large. 

Figure 1(b) shows all the computed one-electron 
excitation energies which do not exceed the first ioniza- 
tion potential, along with the experimental values with 
which they have been identified. The largest verticality 
adjustment was for the *2,,+ state (1.08 ev). 

The position of the 'A, state found in the present 
report has led Professor Mulliken to suggest that it is 
the unidentified w state reported by Herman and 
Gaydon. This identification is accordingly made in 
Fig. 1(b). The verticality adjustment has been esti- 
mated by assigning to this state the same 7, as the 
'Z,; this is plausible since they both belong to the same 
electron configuration. 

The singlet-triplet splittings are overestimated, as is 
common in LCAO MO calculations, but the overestima- 
tion is small. The absolute positioning of the levels is 
satisfactory. The spectral calculations are rather en- 
couraging, and suggest that previous authors’ poor 





* J. Thibaud, Compt. rend. 196, 308 (1928). 

®G. Rutheman, Naturwissenschaften 30, 145 (1942). 

%A. E. Douglas, Can. J. Phys. 30, 302 (1952); R. E. Worley, 
Phys. Rev. 89, 863 (1953). 

*R. Herman and A. G. Gaydon, Proc. Phys. Soc. (London) 
58, 292 ( 1946), and earlier references there. Gaydon [Proc. Roy. 
Soc. (London) 182, 286 (1944)] mentions that the w transition 
has roughly the form of a ‘II->' transition. Thus this could be 
due to a II—1A, transition, but greater dispersion and a rotational 
analysis are needed to decide. 


LCAO results may be attributable to the approxima- 
tions used in their treatments. 

The gain in energy resulting from hybridization was 
found to be 2.19 ev. The value 2.19 ev seems to be quite 
small on the basis of Mulliken’s Magic Formula which 
predicts about 8 ev.** However, Fischer-Hjalmars’ ob- 
tained much smaller stabilizations for about the same 
degree of hybridization in LiH and BeH*, about 0.3 ev 
and 0.6 ev, respectively. ; 

Table VII presents the results of the calculation of the 
dissociation energy. At first sight the rather small dis- 
sociation energy obtained by the complete treatment 
(1.2 ev) is disappointing, but actually it is not entirely 
surprising. The small dissociation energy obtained for 
Nz: is relatively just as good as that obtained for BH, 
the only other molecule which has been computed 
within the rigorous framework of the SCF LCAO 
theory; in both calculations the computed energy is 
about 99.05 percent of the observed total molecular 
energy. Table VIII compares the ratio of total com- 
puted molecular energy to the experimental value for 
Nez and for several other molecules whose treatments 
employed various approximations. It is seen that the 
more refined calculations give poorer dissociation 
energies. 

The virial theorem is fairly closely satisfied by the 
present wave function; the ratio of potential to kinetic 
energy is — 1.9964. 

On the basis of Eq. (7b) and Table VIB, the most 
bonding MO’s are the 17,’s, as suggested by Mulliken. 
Together they contribute about two thirds of the over- 


TABLE VII. Dissociation energy. 











Energy of two Molecular Dissociation 
4S’ nitrogen energy energy 
atoms (a.u.) (a.u.) (a.u.) (ev) 
Complete 
calculation — 108.530 — 108.574 0.044 1.20 
Incomplete 
calculation — 108.530 — 108.823 0.293 7.97 
Experiment —109.254" —109.618 0.364 9.9025 








® Computed from the tables of C. E. Moore, Atomic Energy Levels 
(National Bureau of Standards Circular 467, 1949), Vol. I. 
b See reference 16, p. 551; after adding zero point energy of 0.146 ev. 


35 R. S. Mulliken, J. Am. Chem. Soc. 56, 295 (1952). 
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lap population. The remainder comes from the 20, MO, 
thus following the traditional three-electron-pair bond 
picture of Ne. In the elementary textbook discussion 


TABLE VIII. A comparison of computed molecular energies. 








Ratio of com- 





puted to ob- Total 
served total observed 
molecular molecular 
Type of calculation Molecule energy energy (ev) 
b 9904 
No approximations* ‘Re eae ppd 
Estimated integrals H.O 0.9916 2080.6 
Incomplete treatment vo psn pod 
plus estimated integrals HO 0.9924 ; 
Incomplete treatment Ne 0.9927 
Inner shell orthogonal LiH 0.9892 219.7 
but otherwise fixed BeH* 0.9923 406.9 








® That is, other than required by the SCF LCAO theory. 

b Private communication from R. C. Sahni. 

¢ Private communication from J. F. Mulligan: De of CO2=21.46 ev 
(experiment 16.5 ev). 

4D. of CO=11.2 ev (experiment 11.2 ev); computed by the present 
author from Sahni's data (see reference 3). 
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of the aufbau process, one assigns the electrons one by 
one to the symmetry MO’s (3), starting with the lowest 
energy MO’s. One then says the bonding nature of the 
ois MO is canceled by the antibonding nature of the 
ouls MO; of the o,2s MO by the o,2s MO, and hence 
Nz has a triple bond consisting of six electrons in the 
o,2p and 7.2p (bonding) MO’s. However when the 
symmetry orbitals are scrambled up, this naive picture 
is lost, and indeed it is seen that the burden of the 
o-bonding rest upon the 20, MO, whereas the 3c, MO 
is computed to be antibonding (or more nearly appro- 
priately, nonbonding). This picture of the bonding is 
faithfully reproduced in the computed MO’s of C0 
also, as may be seen from Table IX. 

The atomic population shows that the s-p hybridiza 
tion is 26.1 percent. Mulliken has estimated the s-? 
hybridization in N2 to be about 21 percent on the basis 
of his Magic Formula.** It is interesting to note that the 
2s—p hybridization of the 2c, and 2c,, MO’s (and thus 
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the antihybridization of the 30, and 3c, MO’s) is just 
about the same. This is a justification of the approxima- 
tion, sometimes used, of a single hybridization param- 
eter incorporated into the AO building blocks. 

The incomplete treatment SCF LCAO MO’s are 
presented in Table X. The elimination of the nonbonded 
repulsions between the 1s and outer shell orbitals allows 
the molecule to obtain a lower energy with less ener- 
getically expensive hybridization. At the same time the 
lowered hybridization increases the 2s—2s repulsions 
considerably, although this latter is apparently not so 
important as the first effect because, although the 
hybridization dropped to 17.8 percent with a gain in 
total energy of about 6.8 ev, the bond index dropped 
to 0.8 of its former value. These enormous changes are 
also in part attributable to the rather large degree of 
nonorthogonality introduced by the incomplete treat- 
ment in the present case. It seems that a combination 
of as yet not understood fortunate circumstances en- 
abled the calculations on CO, etc. to result in wave 
functions which look reasonable. The very fine dissocia- 
tion energies obtained from the incomplete treatments 
(8.0ev for Ne for example) are unreliable, since they 
are energies calculated from fWHydr but with an 
arbitrary omission of a number of terms. 

At present the author is extending the present study 
to include configuration interaction and variation of 
parameters. 
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APPENDIX I. THE ORDER OF MAGNITUDE OF 
CERTAIN TWO- AND THREE-CENTER 
INTEGRALS 


Integrals (except the mononuclear integrals) con- 
taining the mononuclear charge distribution 152s be- 
came quite small when the 2s was orthogonalized to 


Taiz IX. Comparison of overlap populations in Nz and CO. 








Orbital: N2(CO) 20, (30) 20u (40) 30,(5c) 1ru(x) 


n 
Nz 0.43 —0.18 —0.04 0.22 1.28 
CO 0.37 —0.15 —0.03 0.16 1.04 
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TABLE X. The SCF LCAO MO’s from the incomplete treatment. 











MO LCAO form ¢i(a.u.) 
log 0.99996 (a,15) —15.6974 
20% 0.64561 (o,2s)  +0.37541(0,2p) — 1.53280 
309 0.58925(o2s) —0.83550(0,2p)  — 0.56246 
low 1.00004 (cu1s) —15.6906 
2eu 1.12195 (ou2s) —0.26750(0u2p) — 0.73666 
3eu 1.54184 (o0u2s) +1.69437 (ou2p) 0.25484 
1lru 0.88313 (ru2p) — 0.56817 
lmg 1.18031 (2492p) 0.27998 








the 1s AO. Generally these integrals went negative, 
and were less in absolute value than 0.001, frequently 
much smaller. The two exceptions to this rule were 


[15<2sq| 1s<2sy ]= —0.0088, 
and . 
[152sq|1sa2po, ]= —0.0147. 


Thus for two or three place accuracy, it is sufficient to 
say 
[1s.2sa] -— ]=0, 
or 
[1s.2s.*| —— ]=S[1salsa] -——], 
so that 
[2sq2sa| —— ]= {[[2s.*2s,*| —— ] 

—S1salsa]| —— ]} (1—S?) 
and so forth, where S is the mononuclear overlap 
integral, (1s|2s*). Mrs. Fischer-Hjalmars’ (hetero- 
nuclear) integrals’ also obeyed the same rule; her one 
exception being [1s1;2s1;| 1s1;1sq ]. Due to her param- 
eter values, the 1sq behaves very much like a 2-quan- 
tum AO centered on another Li atom, so that the 
analogy with the above exceptions is complete. Kastler’s 
integrals for HF showed the same behavior.** The idea 
should apply to three-center integrals also. 


APPENDIX II. MISCELLANEOUS THEORIES 


Let C, be the matrix which forms the LCAO MO’s 
from the original set of AO’s namely 


o.= xC,, 


in distinction from the C of reference (1) which forms 
only the occupied LCAO MO’s. The fact that the MO’s 
form an orthonormal set is expressed by 


C.*SC=E, (A.1) 


where C,* is the Hermitian conjugate of C,; the ele- 
ments of S are the overlap integrals between the AO’s; 
and E is the unit matrix. Multiplication from the left 
and from the right by C, and (C,*, respectively, 


yields 
C,C*,SC,C,*= C,C,* ; 
and since C,(,* is not singular, 
SCC,*=E, (A.2) 


GG*=S-. (A.3) 
36 T). Kastler, J. chim. soc. 50, 556 (1953). 


— 


= re 


Phase & se oe 


awe ae & ams 








Equation (A.3) forms a useful check on the orthonor- 
malization during the course of the iterations. 

Roothaan has shown (see reference 1, Eq. (36) and 
ff.) that the total wave function and the Hartree-Fock 
operator are each invariant under a unitary transforma- 
tion. A fortiori this applies to any subset of the AO’s, and 
hence the properties of the total wave function are inde- 
pendent of the particular LCAO MO form of a com- 
pletely occupied class. This conclusion is also easily 
deduced from Eq. (A.3). 

It follows from Eq. (A.2) that (the Ci; are real) 


+ S.A d al” = St, 


i,8 


> SrCsCu= Ort, 


i,8 


i SCC i= 1. 


i,8 


This may be written [see Eqs. (8a) and (8c) ] 


ym |Cx2S + Ze SCCn|= 1, (A.4) 


i rs 

and hence it follows that a completely occupied LCAO 
class contributes exactly one electron to the N(r) of 
each AO from which it is constructed. The 2,C;,? is a 
diagonal element of S~! see Eq. (A.3), and hence 
(S,,= 1) the remaining terms in Eq. (A.4) are invariant 
under a unitary transformation; these terms are the 
overlap population contribution of a completely 
occupied LCAO class. It follows easily from this in- 
variance that the overlap population contribution of an 
incompletely occupied class is invariant under a trans- 
formation of its filled members. 


APPENDIX III. THE z,—x, EXCITATIONS” 


The lower lying !*2,,* levels are described as arising 
from transitions between the filled and unfilled z levels, 


87 For brevity the 17, is written 7, etc. 
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each of which is degenerate. Hence Roothaan’s formula 
for the transition energy, Eq. (5), is not applicable. In 
the present case the excited configurations may be 
written 


Ty) ig) yu) Bu) *y) Tu), (A.5) 
and 
Tu)? 9) Fu) Fu) ty) Tu), 


(A.6) 


each with either singlet or triplet spin functions. The 
upper signs refer to the 2 states, the lower to the A 
states; Eq. (A.5) corresponds to 2,* and A, states, 
Eq. (A.6) to 2.- and A,. The notation for the integrals 
between the + MO’s is based on the following analysis 
of charge distributions which can be formed from the 
mw, and 7, MO’s. 


Pt 2 (m2+F,”) 3 (uty t+ Fug) 2(1°+7,"), (A.7) 
A: 2 (x7— 7.) 2 (Tutt Fut) } (x,'—#,'), 
= _ Bet as F: (A.8) 
A: Tull u Ty ,g=TuTg Sole 


Reading from left to right the members of the sets (A.7) 
and (A.8) will be denoted by the subscripts a, o’, o”, 
or 6, 6’, 6” respectively on an electron interaction in- 
tegral, M. Integrals formed from A—A are of course 
equal to the corresponding integrals formed from 
A—A; for example, 


M35 _ (r.2— #2 | tT —T,? |/4= [ruin | Toit, |. 


Following the general line of Roothaan’s derivation, 
one arrives easily at: 


E(A)—E('®o) 
Moor +2M 3 —4M oe, A= 2,7, 
M oor +2M 33", A=%,", 
= Cty Ste M oo — 2M 5", A='!82,, 
Mo ~thlen, A="A,, 
Mo", A=*A,, 


where the e’s are the indicated orbital energies. The 
integrals were computed to be 


M go = 0.56506 ; M557 = 0.02290 ; 
M oe =0.16829; M55 =0.01896. 
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Normal Coordinate Treatment of Dimethyldiacetylene 


ALFONS WEBER AND SALVADOR M. FERIGLE 
Spectroscopy Laboratory,* Department of Physics, Illinois Institute of Technology, Chicago 16, Illinois 


(Received August 1, 1954) 


A normal coordinate treatment for dimethyldiacetylene is carried out, using Wilson’s FG-matrix method 
in conjunction with the “splitting out” technique. All the potential constants have been transferred from 
similar molecules and the agreement between calculated and observed frequencies is good, the largest devia- 
tion being 2.3 percent. The observed fundamentals are a;—2914, 2264, 1381, 1228, and 554 K; d;—2947, 
2163, 1379, and 941 K; e—2947, 1458, 1030, 353, and 104 (calculated) K; and é—2953, 1426, 1022, 475, 


and 247 K. 





INTRODUCTION 


MONG the many papers that have been published 

on the methylacetylenes during the past few years, 
several papers dealt with the molecular spectra of 
dimethyldiacetylene (DMDA) itself. Meister and 
Cleveland! reported some Raman spectra data and 
Cleveland, Greenlee, and Bell? studied the infrared 
absorption spectrum of DMDA in the region 700 to 
6000 K and tentatively computed a list of fundamentals. 
All this early work was revised later by Ferigle, Cleve- 
land, and Meister* in terms of additional data obtained 
both in the Raman and infrared spectra, plus some 
arguments based on a preliminary normal coordinate 
treatment. Only one paper has been published pre- 
viously on the normal coordinate treatment of DMDA,* 
and in this the calculations referred only to the non- 
degenerate vibrations and were based on some incor- 
rect assignments.! In the present paper we report the 
normal coordinate treatment of DMDA for all the 
vibrational types using the Wilson FG-matrix method.® 


FG-MATRIX METHOD FOR DIMETHYLDIACETYLENE 


The various bond distances and interbond angles 
used to determine the internal coordinates are given in 
Fig. 1. The ¢ matrix elements were obtained from the 
tables of Decius,® except for the bending angles of the 
linear portion of the molecule for which the formulas 
obtained by Ferigle and Meister’? were used. The equi- 
librium values of the bond lengths have been taken from 
the electron diffraction work* and the interbond angles 
of the methyl groups were taken as tetrahedral. All 
the parameters used in the ¢ matrix were therefore: 
mco= 12.011 awu, my= 1.008 awu, s=1.47 A, t=1.20 A, 
m=1.38 A, and h=1.093 A. 





* Publication No. 109. 

yous Meister and F. F. Cleveland, J. Chem. Phys. 12, 393 
* Cleveland, Greenlee, and Bell, J. Chem. Phys. 18, 355 (1950). 

asst Cleveland, and Meister, J. Chem. Phys. 20, 1928 
52). 

(1947) G. Meister and F. F. Cleveland, J. Chem. Phys. 15, 349 
SEB. Wilson, Jr., J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941). 
*J. C. Decius, J. Chem. Phys. 16, 1025 (1948). 

'S. M. Ferigle and A. G. Meister, J. Chem. Phys. 19, 982 (1951). 


c9ggputine: Springall, and Palmer, J. Am. Chem. Soc. 61, 927 
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The symmetry coordinates are formed as ortho- 
normal linear combinations of the internal coordinates 
which transform according to the irreducible repre- 
sentations of the D3,’ point group to which DMDA 
belongs. For this symmetry—which presupposes free 
rotation about the central carbon-carbon bbnd—DMDA 
has the following fundamental vibrations: 5a, 14, 4d, 
5e, and 5é. The selection rules for the fundamentals as 
well as for the overtones and combinations were given 
previously.” The symmetry coordinates are: 


for the a; vibrations, 
R,=67-3 (Ahi + Aho+Ah3+ Ahyt+Ahs+Ahs), 
R2=273(Ah+ Ate), 
R3= 12-3 (Ahyho+Ahoh3+ Ahzhi+ Ahghs+ Ahshe 
+ Ahehs— Ahys,;— Ahos;— Ah3s,;— Ahiase 
— Ahss2— Ahgs2), 
Ry=2-3(As;+Aso), 
R;=Am, 
R’ = 673 (Ahyhto+ Ahohst Ahshy+Ahys1+ Ahos; 
+Ahsh;)=0, 
and 
R” =673 (Ahghs+Ahshe+ Aheha+ Ahgsot Ahsse 
+ Ahgs2)=0; 
for the a vibrations, 
7= 673 (Ahy+Aho+ Ah3— Ahy— Ahs— Ahse), 
Rsg=27-?(At,— Abe), 
g= 12-3 (— Altyho— Ahoh3— Ahzhi+ Ahshs+Ahshe 
+ Ahehst+Ahys;+Ahos;+Ahzs;— Alyse 


— Ahsso— Ahgse), 
and 


Ry= 2-*(As;— Aso) > 





Fic. 1. Bond distances and interbond angles of 
dimethyldiacetylene, 


e243 @ 3 ee Ge Ye 


a6 Gs 4 or 
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TABLE I. G matrices for the nondegenerate 
vibrations of dimethyldiacetylene. 











a 


























v3 
uutfuc |= (OO — (4/3)h eo - ; MC 
2uc 0 —uc —v2uc 
4v3 
2h*[unt (8/3)uc] —h uc 
2uc 0 
2uc 
a2 
v3 
uutjuc |= (OO (4/3)h" uc “0 
2uc 0 —pC 
2h [unt (8/3 )uc ] = 
2uc 




























for the e vibrations, 


+2Ahshg—Ahehs), 


~ Ahsso— Ahgs2) ; 


Risa= 273 (Asiti+Asote), 


Rysy = 2-4A (Sits)! +A (Sote)’ J, 
Risa= 2-3 (Amt;+Amt), and 
Risp=2-*LA (mty)’+A (mte)’]; 


Ru.= 12-3(2Ah, = Aho— Ah3+ 2Ahs— Ahs— Ahs), 
Riw= 27! (Aho— Ah3+Ahs— Ale), 
Riea= 12-3(—Ahyho+ 2Ahh3— Ah3hi— Ahsh; 


Ri a= 2-! (-— Ahyho+Ahshy = Ahshs+ Ahh), 
Riza= 12-3 (2Ahs; — Ahos; —_ Ahgsi+ 2AhaS2 


Ri3p = 2-1 (Ahos;— Ahzs;+Ahs552— Ahes2), 
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and for the é vibrations, 
Riga= 12-3(2Ahy— Aho— Ah3— 2Ahy+Ahs+Ahe), 
Rigp = 2—! (Ah2— Ah3— Ahs+Ahg), 
Rita=12-4(—Alyhtg+ 2Ahahg— Ahighi+Alighs 
— 2Ahshe+Aheh,), 
Rim = 271(— Ahyho+ Ahghi+ Ahghs— Aheha), 
Riga= 12-*(2Ah81— Ahos,— Ahgs;— 2Ahas2 
+ Ahsso+ Ahese), 
Rigp = 2-1! (Ahos;— Ahgsy— Ahsso+ Ahgse), 
Riga= 2-3 (Asiti— Asots), 
Rip = 2-3 A (Sit1)’ — A (Sot)’ J, 
Rooa= 27) (Amt,— Amt2), and 
Roop = 2-3 A (mt;)’ — A(mte)’ ]. 


The primed angles used in the symmetry coordinates 
given above are in a plane perpendicular to the plane 
containing the unprimed angles. é 

The f matrix contains the elements given by Ferigle 
and Weber? for internal coordinates which are similar 
to those in diacetylene, and the terms corresponding 
to methyl group internal coordinates, and interactions 
of the methyl group with the linear chain, are the same 
as those used in ethane derivatives.’ The elements of 
the ¢ matrix were obtained as described above. From 
the f and ¢ matrices and the U matrix formed with the 
coefficients of the symmetry coordinates, one gets the 
F and G matrices given in Tables I-VI. 

The “splitting-out”’ method® was used for the C—H 
stretching vibration of each type. For the nondegenerate 
vibrations, ft, fm, fm‘, and f:' were transferred from 
diacetylene® and f»* was taken to be zero. The constants 
fi, fo, fe, and f.¢ were transferred from previous work 
by Meister and Cleveland‘! on dimethylacetylene and 
methylacetylene. The constant f2 was calculated by 


TABLE II. G matrix for the e vibrations of dimethyldiacetylene. 











4v2 








pat (4/3)uc 


—h" ue 


(5/2)h unt (8/3)h ue 


-( 


hk? 


—py— 2h 
Z 


ho v3 
s1+— }uc ——s yc 0 
3 3 
ho — (6) 
st+— Juc ——h™"syuc 0 
3 
(6) h- — (6)! 
pat hf 2s274+-— +s? puc  83=— Sf 2s +t +— Jc —— ste 
9 4 3 
2(s?@+t?+s7t)yc —t(s7+26)pe 
2t uc 


— 




















9S. M. Ferigle and A. Weber, J. Chem. Phys. 21, 722 (1953). 
10 F]-Sabban, Meister, and Cleveland, J. Chem. Phys. 19, 855 (1951). 
1 A. G. Meister, J. Chem. Phys. 16, 950 (1948). 
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TABLE III. G matrix for the @ vibrations of dimethyldiacetylene. 











4v2 ho v3 

uat (4/3)uc —h uc —v2{ s?+— Juc ——f pe 0 

3 3 3 

hr? ho (6) 

(5/2)h unt (8/3)h uc —pa— 2h s7+— Juc ——tr'sueo 0 

2 3 
(6) h — (6) 
hyat3{ 2s?+—+ $s Juc 9 —s 7] 2s74r1 +=) uc Suc 
9 4 3 4 


2(s?+t7+s-U)uc —t71(s742t°+2m™)yc 


(t2+- (¢7+2m™)* Juc 








TABLE IV. F matrices for the nondegenerate 





them in deuteromethane and ethane and was trans- 
ferred to dimethylacetylene, and a similar method was 
used by Crawford.” Linnett" criticized this procedure 














because the bond s is not the same in both molecules; 
however, he left out terms which are important because 
of resonance. For the degenerate vibrations, the poten- 
tial constants of the methyl group and f,; were trans- 



























































eS vibrations of dimethyldiacetylene. ferred from dimethylacetylene, and those of the central 
1 = — = structure from diacetylene.® All the constants used for 
a1 the calculations are collected in Table VII. 
le frt2tn® V3F at vi fs V3 fx! 0 The calculated and observed wave numbers for the 
ar Sith 0 te V2 fim! TABLE VII. Potential constants for dimethyldiacetylene.* 
1 — 
‘ (6) 
ns Af; —f; 0 Constant Value Constant Value 
ae : fi 15.4820 fi 1.15174 
of wx ‘ Im 6.63426 fro — 0.28621 
fs V2 fmn' te 5.1296 Tes 0.26210 
m . Sut 0.778701 Sut 0.317562 
he Sm fa! 0.47059 fmi™ 0.003067 
de Sm® 0 ti! 0 
he aenssias ; ‘ . 
fa+2fn™ V3 fini —v2fs V3 fi ® Bond constants are in md/A and angle constants are in md A/rad?- 
The number of significant figures in the potential constants was retained to 
H fi— fit 0 ft insure the best reproduction of the frequencies and to secure internal con- 
‘ sistency in the calculations. In the constant symbols, m suggests middle 
te (6)! bond; ¢, triple bond; s, single bond; and fi and fe are defined in Table IV. 
m Jatin-ciate 
if af 2 fa TABLE VIII. Calculated and observed fundamentals of 
ts dimethyldiacetylene.* 
tk fs 
nd ; ? Type Calculated Observed> 
; Si=fantSfrst2fan+2fns™—2fane*—4 fan” _ erence 
Dy fox fabh— fhe 2914 K 
Ss=fr™— fy tafe’ +3 fy 2274 K 2264 
— ——___— a, 1383 1381 
= 1224 1228 
Tasie V. F matrix for the e vibrations of dimethyldiacetylene. 547 554 
orm 2947 
fa—fr® Fr2h — fh” prs— f,h'® 0 0 2160 2163 
Srn—Fnn®” frr®*—frr™ 0 0 ds 1380 1379 
Fne—Fino*™ 0 0 936 941 
Sat Sue** 
Smet+fme™ 2947 
1455 1458 
1035 1030 
C TaBLe VI. F matrix for the é vibrations of dimethyldiacetylene. e = 353 
Jc fa—fr® fh — fy hr frb*—fyhs 0 0 2953 
Srn—Fnn™ fran’ *—fin™ 0 0 1455 1426 
Sr—fre™ 0 0 1035 1022 
= Sst Sme** é 486 475 
Smt— fmi™ 245 247 











: B. L. Crawford, Jr., J. Chem. Phys. 7, 555 (1939). 
*J. W. Linnett, Trans. Faraday Soc. 37, 469 (1941). 








8 The calculated carbon-hydrogen stretching vibrations are not listed 


here since the ‘‘splitting out’’ method has been used in the calculations. 


b Observed values from reference 3. 
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fundamentals are given in Table VIII. The frequencies 
which were assigned with certainty from the spectral 
data are in very good agreement with the calculated 
values; for this reason, the weak Raman lines at 554 
and 1228 K are assigned as the two single C—C 
stretchings of symmetry a. Also, the calculated value 
for vi5 will be close to the fundamental which has not 
been observed as yet. 


M. FERIGLE 
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Some close analogies are found in the region 1500 to 600 cm™ between the frequencies of a number of 
paraffins and their more polar analogs in which CH; groups are replaced by F, OH, or NH2 groups. The 
great intensities of the infrared bands of the polar molecules have led to their assignment to skeletal stretch- 
ing modes; a similar assignment for the frequencies of the paraffins may therefore be deduced. On this 
criterion the 1053 cm™ band of propane, the 1170 cm™ band of isobutane, and the 1249 cm™ band of neo- 
pentane are to be attributed principally to skeletal stretching vibrations. Some apparently contradictory 
conclusions reached earlier from studies of deuterium substituted propanes and neopentanes are discussed. 


INTRODUCTION 


NE of the problems that confronts those who 

attempt to interpret the vibrational spectra of 
the paraffins is the location and assignment of the 
frequencies corresponding to the CH; rocking modes 
and the C—C stretching vibrations. These fall in 
approximately the same frequency ranges! (1250 to 
800 and 1350 to 650 cm~, respectively), and are often 
of the same symmetry classes so that some degree of 
interaction between the different types of vibration is 
not improbable on theoretical grounds. These modes 
have proved difficult to identify even in the small 
symmetrical molecules such as propane, isobutane and 
neopentane. A recent review! has summarized the 
present situation. 

Although it has seldom been possible to give an 
unequivocal interpretation of the spectra of the par- 
affins, nevertheless, when a given type of molecule is 
considered (for example, the crystalline -paraffins’ or 
molecules with isopropyl or /erliary butyl groups’) it is 
possible to pick out regular series of prominent fre- 
quencies between 1300 and 650 cm~. The existence of 
these pronounced regularities seems to imply that the 
interaction between vibrations is such that it is still 
justifiable to interpret a given series as originating 
either nar eeeey from one type of vibration (symmetry 


IN. ~1N. Shep pard and D. M. Simpson, Quart. Revs. Chem. Soc. 
(London) 7, 19 (1953). 


Trans. Roy. Soc. 


2 Brown, ’ Sheppard, and Simpson, Phil. 
(London) ’A247, 35 (1954). 


coordinate), or from a “vibration mixture” that is 
similar for all the molecules concerned. 

Several direct methods of checking this hypothesis 
suggest themselves. If the molecules have sufficient 
symmetry, as is the case for the n-paraffins in the 
planar zigzag configuration,? it may be possible to 
determine the symmetry class properties of the ob- 
served series. These properties are often sufficient to 
indicate the type or types of vibration appropriate to a 
given series. Secondly, the spectra of a paraffin may be 
compared with those of its deuterium containing ana- 
logs. For the completely deuterated molecule, if there 
is no coupling between the different types of vibration, 
then the frequencies corresponding to the hydrogen 
modes should shift down by a factor of about v2, while 
those arising from the skeletal modes should be rela- 
tively unaffected. In practice, as will be discussed later, 
the results obtained by this method are not always easy 
to interpret. Thirdly, if some of the CH; groups are 
replaced by other atoms or groups to give polar mole- 
cules, it is to be expected that the corresponding 
skeletal vibrations will have an enhanced intensity in 
the infrared spectra, so that they can be identified 
directly. 

In the present communication, the previously pub- 
lished spectra of the paraffins are compared with those 
available for the analogous fluorine, oxygen, and nitro- 
gen containing compounds, in which the skeletal fre 
quencies should be distinguishable as prominent infra- 
red bands. The discussion is mainly concerned with the 
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series of characteristic frequencies observed in the 
various Classes of paraffins between 1300 and 1050 cm“. 
Examples are provided by the 1175-1165 cm series in 
the isopropyl and by the 1260-1250 cm™ and 1220-1210 
cm series in the fertiary butyl paraffins; these series 
are directly related to the frequencies of the parent 
molecules, viz., 1170 cm™ in isobutane and 1249 cm™ 
in neopentane.' To the present authors it has always 
seemed desirable to attribute such series mainly to 
skeletal stretching modes rather than to CH; rocking 
vibrations. The analogies found in the spectra and 
tabulated below seem to provide additional evidence in 
favor of this interpretation. 


SPECTROSCOPIC DATA 


The infrared spectra of fluorocarbons and fluorinated 
hydrocarbons in the region 1400 to 800 cm™ are re- 
markable for the intensity of the bands which have 
been attributed to the carbon-fluorine stretching modes ; 
the more symmetrical carbon-fluorine stretching vibra- 
tions also give rise to prominent polarized Raman lines. 
The bands due to the hydrogen deformation vibrations 
are in general much weaker, and the corresponding 
depolarized Raman lines are less conspicuous. Hence 
there is little doubt about the identification of the 
skeletal stretching modes of these molecules, even when 
no detailed analyses of the spectra are available. 

Similarities were first noted between the infrared 
spectra of CH; CH2 CH,'* and CH; CH2F* in which 
the fluorine atom replaces a CH; group of similar mass; 
detailed assignments for these two molecules are avail- 
able.!3 The results of the comparison of the spectra of 
a number of other molecules related in an analogous 
fashion are shown in Table I. 

If the frequencies listed for the paraffins are all 
interpreted mainly as skeletal modes (rather than CH; 
rocking vibrations), then the close parallelism with the 
carbon-fluorine stretching frequencies can be readily 
understood. The whole set of data forms a consistent 
picture when due allowance has been made for the 
varying symmetry of the molecules. The numerical 
agreement is extremely good for the unsymmetrical 
vibrations whose frequencies are little changed even 
when all the methyl groups have been replaced by 
fluorine atoms. More variation is observed for the 
symmetrical vibrations; this variation is always in the 
same direction—to higher frequencies as CH; groups 
are successively replaced by fluorine atoms. It should, 
however, be emphasized that there is no controversy 
about the assignment of the symmetrical skeletal vibra- 
tions of the paraffins. 

The correlations given in Table I may be extended 
as shown in Table II to include the corresponding 
alcohols and amines. The regularities listed in these 
tables appear too numerous to be fortuitous; they sug- 
gest very strongly that the frequencies given for the 


*Smith, Saunders, Nielsen, and Ferguson, J. Chem. Phys. 20, 
847 (1952). m , . 
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TABLE I. Correlations between frequencies of paraffins and some 
fluorine-containing analogs. 

















CH; CHz CH34 CH; CHF > FCH>F ¢ 
1053 iB; Vax 1045 A’i pi 1089 By* was 
870 A; Vs 877. A’ v 1078 <A, Vs 

CH(CHs3)34 CH(CHs3)F2 » CHF; 4 
1170 E iit =A” VCF 1isz 60 Ses 
\1144. A’ ove 
795 A Vs 868 A’ v 1137 A Vs 

C(CHs)4* C(CHs)Fs! CF4e8 
1249 F, 1280 A, VCF 1277 =F» Pas 
inns 6k VCF 

733 Ay Vs 831 Aj, YCC 908 A; Vs 
(CHa)sC C(CHs)35 F:C CF3i 
1238 At, 1420 Aiy vs 

647 Aig, 809 Aig ve 
1182 Aox 1117 Ag vy 
12735. fy 1251 £, pv 
1256. 6=6CE, iZ3y lo, v 











The molecular formula and literature references are given in 
the heading of each section of the table. Within each section the 
observed frequencies are followed by: (1) the assigned symmetry 
class, (2) a description of the vibration when this is given in the 
reference cited. The symbols used are: v, skeletal stretching mode 
(C—C or C—F); vs, symmetrical stretching mode; vas, asym- 
metrical stretching mode; vcc, C—C stretching mode; vcr, C—F 
stretching mode. 

8 See reference 1. 

b See reference 3. 

¢ Rank, Shull, and Pace, J. Chem. Phys. 18, 885 (1950). 

4H. H. Claasen, J. Opt. Soc. Am. 43, 352 (1953). 

e E. K. Plyler and W. S. Benedict, J. Research Natl. Bur. Standards 47, 
202 (1951). 

f Nielsen, Claasen, and Smith, J. Chem. Phys. 18, 1471 (1950). 

eH. H. Claasen, J. Chem. Phys. 22, 50 (1954). 

bh Scott, Dowslin, Gross, Oliver, and Huffmann, J. Am. Chem. Soc. 74, 
883 (1952). 

i Nielsen, Richards, and McMurry, J. Chem. Phys. 16, 67 (1948). 

i This frequency has been assigned to symmetry class A” in reference 3, 
on the basis of Raman polarization data; the reassignment given here is 
made with confidence because of the band contour and the great intensity 
in the infrared spectrum. 

k The symmetry species given in reference c is B2; it has been changed to 
B, by an interchange of the symmetrically equivalent x and y axes, so as to 
be consistent with the choice of these axes in propane. 


paraffins should be attributed mainly to skeletal modes 
rather than to CH; rocking vibrations. It seems that 
for most practical purposes the degree of coupling 
between these two types of vibration is sufficiently 
small for the above conclusion to be valid. 


DISCUSSION 


Some of the assignments of the skeletal frequencies of 
paraffins given in the tables differ from those deduced 
from the experimental investigations of completely 
deuterated paraffins, particularly for propane and 
neopentane. 

In the case of propane the difference is one of em- 
phasis rather than of kind. The conclusion reached 
from the investigation of the completely and sym- 
metrically deuterated molecules was that the 1053 
cm~! frequency probably corresponds to coupled CHz 
wagging, unsymmetrical skeletal stretching, and CH; 
rocking modes; on the other hand, the analogies found 


4H. L. McMurry and V. Thornton, J. Chem. Phys. 19, 1014 
(1951). 
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TABLE II. Correlations between frequencies of structurally analogous paraffins, amines, alcohols, and fluorides.* 














Molecule v(cm~) Reference Molecule vas (cm™) Vs Reference 
CH; CH; 992 b CH; CHe CH; 1053 870 “e 
CH; NHe 1036 b CH; CH2NHe 1047 893 b 
CH;0H 1034 Dc CH; CH,OH 1050 880 b,c 
CH;F 1050 d CH; CH2F 1045 877 f 

Molecule vas (cm) vs Reference Molecule vas (cm) Ve Reference 
(CH3)2 CH-CH; 1170 795 e (CH;); C CH; 1249 733 e 
(CH3)2 CHNH2 1170 809 b 

1134 
(CH;)2 CHOH 1163 819 b,c (CH;);3 COH 1245 750 b,c 
1130 1205 








s For the meaning of v, vs, and vas see the caption of Table I. 


K. W. F. Kohlrausch, Ramanspektren (Becker & Erler, Leipzig, 1943), pp. 
e American Petroleum Institute Project 44. Infrared spectrograms Nos. 432, 


4K. P. Yates and H. H. Nielsen, Phys. Rev. 71, 349 (1947). 
e See reference 1. 
f See reference 3. 


in the spectra of propane, ethylamine, ethyl alcohol, 
and ethyl fluoride (Table II) suggest that it should be 
assigned mainly to the unsymmetrical skeletal stretch- 
ing mode. The experimental evidence used to assign 
the 1053 cm™ frequency to the coupled vibrations is 
that it shifts considerably on deuterium substitution of 
the CH: group, the CH; groups, or the whole molecule. 
However, it should be emphasized that the replacement 
of the hydrogen atom by deuterium atoms does not 
produce slight perturbations of the spectra, but results 
in their drastic alteration, because of the unusually 
large mass ratio of the two atoms. As a result the 
coupling between vibrations occurring in the parent 
molecule may well be different from the coupling for the 
isotopically substituted analogs. It is possible therefore 
that a considerable shift in a frequency which is not 
readily assignable to a hydrogen mode may be caused 
by (a) coupling with a nearby hydrogen frequency in 
the parent molecule, (b) coupling with a nearby deu- 
terium frequency in the deuterated molecule, or (c) 
coupling with nearby frequencies (which need not 
necessarily correspond to analogous modes) in both the 
parent and isotopically substituted molecules. 

It can therefore be seen that if case (b) operates, the 
shift in the 1053 cm frequency is not inconsistent with 
its assignment principally as a skeletal mode. This may 
well be the case, because a number of CH2 and CH; 
modes which have frequencies above 1300 cm™ in 
propane shift down to between 1100 and 1000 cm™ in 
the deuterated molecules. The assignment of the 1053 
cm~! frequency mainly as a skeletal mode also implies 
that the 1336 cm™ band of propane represents essen- 
tially a CH, wagging mode, and the 923 cm™ band a 
methyl rocking vibration. Both these conclusions re- 


209, 213, 216, 239, 240, 242. 
745, 746, 748. 


ceive support from the fact that the aforementioned 
frequencies of propane are found to fit smoothly into the 
series identified for these modes in the spectra of the 
crystalline #-paraffins.” The possibility that the coupling 
between vibrations is less in propane than in the dev- 
terated molecules was realized by McMurry and Thorn- 
ton, and the present work shows that this is very 
probably the case. 

For neopentane,® the frequency that has here been 
assigned to a skeletal mode shifts from 1249 cm™ in 
C(CHs3)4 to 1218 cm~ in C(CDs)4; the relative shifts 
of all other frequencies below 1500 cm™ (including 
those that are undoubtedly hydrogen deformation 
modes) are much greater. This small shift would seem 
to confirm the assignment of these frequencies to 
skeletal modes, but Rank and his co-workers still 
prefer to interpret them as CH; rocking vibrations be- 
cause of their anomalously narrow infrared band con- 
tours. Band contours as unusual as these are not 
uncommonly found in the spectra of symmetrical 
polyatomic molecules because of Coriolis interaction; 
and since they are difficult to predict or explain except 
in the simplest cases, the present authors prefer to 
consider the small shift on deuterium substitution as 
the more significant evidence. These frequencies are 
therefore interpreted as arising from the unsymmetrical 
skeletal stretching mode, in agreement with the cor- 
clusion reached from the comparisons of Tables I and II. 
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Strain Potentials* 
R. S. Dubey, Polymer Corporation, Sarnia, Ontario, Canada, 


R. Extuiott, Shell Oil Company, Ltd., Vancouver, British Columbia, 


W. H. McFapbpEN, Department of Chemistry, Cornell University, 
Ithaca, New York, 


AND 
L. W. SHEMILT, Department of Chemical Engineering, University of 
British Columbia, Vancouver, Canada 
(Received December 17, 1954) 


OTENTIAL-TIME relationships have been obtained for the 
effects resulting from the application of tensile stress to 
copper wires suspended in aqueous solutions. The potential 
changes resulting from such stress application are well known,} 
and are attributed to the rupture or dislocation of the surface film 
with consequent exposure of a metal surface with a different po- 
tential relationship to the environment.” Since our results on 
copper conform to this picture and are potentials resulting from 
the strain produced, we have introduced the term “strain po- 
tentials” to describe them. 

Strain-potential changes, with time, can be attributed to the 
reoxidation of the fresh metal surface to reform a protective 
surface film. Such a strained area provides a local cell: Copper/ 
solution/copper oxide, whose polarization would be intimately 
connected with the formation of a new oxide film. The electro- 
chemical interpretation* of Wagner’s ionic theory‘ for oxidation 
of metals was varied by Miley through a polarization concept to 
show how it was possible for a metal oxidation rate reaction to 
follow a linear, then a parabolic, and finally a logarithmic law in 
gas-metal reactions. The extension to aqueous solutions is easily 
carried out and gives a sound explanation for our results. 

Investigations have been carried out using high-purity annealed 
copper with variables of wire size, surface preparation, electrolyte, 
temperature, and stress. In all cases, potential-time relationships 
were established between a stressed and an unstressed wire, and 
sufficient pairs of such wires used so that a simplified statistical 
analysis was applicable. Copper wires, carefully cleaned but with 
the usual cuprous oxide (and sulfide film obtained from atmos- 
pheric exposure, when immersed in aerated cupric sulfate solutions 
gave maximum strain potentials of about 5 mv at 25°C. The 
maximum strain potential, as recorded on an L. and N. Model-G 
Speedomax, occurred as a jump in potential immediately follow- 
ing application of stress. The strain potential was small for loads 
causing little strain but above a yield point, it increased consider- 
ably, with little further change up to point of rupture (Table I). 

Logarithmic decay curves gave essentially straight lines, whose 
slopes give a direct measure of the rate of oxidation. The slopes 
decreased with increased wire size as expected from the ratio of 
surface to cross-sectional area. The rate of film formation as given 
by the rate of strain potential decay gave a linear plot against 
1/T°K over the range 25°—85°C indicating a diffusional process 
4s controlling. 

In cupric sulfate solutions, the maximum strain potentials were 
as high as 30 mv depending on concentration and temperature. 
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(Table I.) They were independent of concentration in cupric 
chloride solutions from 0.005 to 0.10 N, and for a wider range in 
potassium nitrate solutions. In the case of cupric chloride, the 
strain potentials are electropositive (cathodic) whereas they are 
electronegative (anodic) in the other solutions. This effect of 
solution environment is due to the complexing nature of the 
cupric chloride solutions and the potential-pH relationships. 
Detailed results on these variables and for both nonaqueous and 
deaerated solutions, will be submitted for publication shortly. 


TABLE I, Maximum strain potential with a size No. 22 B and S copper wire. 








Max. strain 





Temp. Stress potential 
Electrolyte ~ kg/cm? mv 
0.05N -CuSO, 25 620 0 
920 —0.09 
1230 —0.53 
1540 —3.2 
1850 —5.8 
2160 —4.9 
65 620 0 
920 —4.0 
1230 —15.9 
1540 —15.9 
85 2160 —31.7 
0.5N -CuSos 25 2160 —0.73 
0.005N -CuSO,4 25 2160 —6.9 
0.0005N -CuSO, 25 2160 —9.9 
0.05N -CuCle 25 1230 +3.4 
1540 +12.3 
1850 +12.3 








} The strain potential decays to a value of somewhat less than a 
millivolt. Using the thermodynamic equation dE=7TdS—PdV in 
the form dE= TdS— XdL* where X is tension, L is linear strain, 
and TdS is C,dT+ (@L/dT)xdX, it can be shown that the rever- 
sible isothermal effect will increase the potential by a comparable 
amount. However, the major effect of the stress application is 
transient, and due to the distortion or disruption of the surface 
film causing potential changes. 


* Acknowledgment is made of financial support from the National Re- 
search Council of Canada, and special wire samples from Canada Wire and 
Cable Company, Ltd. 

1J. J. Harwood, Corrosion 6, 249, 290 (1950); R. E. Fryxell and N. H. 
Nachtrieb, J. Electrochem. Soc. 99, 495 (1952). 

2 P. F. Thompson, Aeronautical Research Consultative Committee (De- 
partment of Supply, Australia) Report ACA-49, July 1950; U. R. Evans, 
Metallic Corrosion, Passivity and Protection (Edward Arnold and Company, 
London, England, 1946), second edition, p. 434. 

3T. P. Hoar and L. E. Price, Trans. Faraday Soc. 34, 867 (1938). 

4C. Wagner, Z. physik. chem. 32, 447 (1936). 

5H. A. Miley, Trans. Electrochem. Soc. 81, 391 (1942). 

6 M. W. Zemansky, Heat and Thermodynamics (McGraw-Hill Book Com- 
pany, Inc., New York, 1943), second edition, p. 216. 





Transformation Useful in Computing Vibrational 
Overlap Integrals 


Moopy L. CorrMan* 


Department of Physics, Agricultural and Mechanical College of Texas, 
College Station, Texas 


(Received February 24, 1954) 


T° calculating vibrational overlap integrals of the form 


Soervear, 


one must make a transformation of coordinates in one of the vibra- 
tional wave functions before evaluation is possible. In the case 
of the nonlinear symmetrical XY. class molecule, the ground 
electronic state vibrational wave function, y’’, is a function of 
normal coordinates Q;’’, Q2’’, and Q;’’; while the excited electronic 
state vibrational wave function, y’, is a function of normal co- 
ordinates Q;’, Qs’, and Q;’. An element of volume is represented 
by dr. 

The normal modes of vibration for the nonlinear symmetrical 
molecule of the X Y2 class consist of a symmetric stretching and a 



























symmetric bending mode, involving only Q; and Qz, respectively, 
and one asymmetrical stretching mode involving only Q3. It is a 
property of normal coordinates that any symmetrical vibration is 
a linear combination of Q; and Q2, while any purely asymmetrical 
vibration is a linear function of Q3. Also, any general vibration 
can be described by summing a symmetrical and an asymmetrical 
vibration of proper magnitude. With this in mind, it can be shown 
that the most general transformation of coordinates between the 
Q,;’ s and the Q;,’’s is of the form 


01” = 41101’ +1202’ +14, 
Q,”"= d2101' +2202’ +424, 
Q;""= a3103’. 


To show this, one uses symmetry coordinates.! On setting up a 
general displacement and requiring that during the electronic 
transition (a) no rotation and (b) no translation of the molecule 
as a whole occurs, there results the transformation given above. 

Application of transformations of the type given here greatly 
simplifies the evaluation of vibrational overlap integrals. 

* Now in the Nuclear Physics Group, CONVAIR, Fort Worth, Texas. 


1G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules 
(D. Van Nostrand Company, Inc., New York, 1945), p. 146. 





Thermoluminescence and Fluorescence in Alkali 
Halide Crystals Induced by Soft X-Ray 


SEymMourR P. KELLER* AND JACKSON J. CLEMMONS 


Departments of Chemistry and Pathology, University of Wisconsin, 
Madison, Wisconsin 


(Received January 17, 1955) 


UCH work has been done on the thermoluminescence of 
crystals by Farrington Daniels and his co-workers at the 
University of Wisconsin.! One phase of their investigations con- 
cerned alkali halides which had been irradiated with both 1.6-Mev 
gamma rays, from a Co™ source, and 37 kv x-rays. The resulting 
glow curves exhibited emission peaks associated with specific 
temperatures. The present work describes the resultant thermo- 
luminescence and fluorescence of alkali halides which have been 
irradiated with soft x-rays, with energies between one and seven 
kilovolts. 
The alkali halide samples used were single optical crystals ob- 
tained from Harshaw and Co. The fluorescence was detected with 
a photomultiplier tube, RCA1P21. The glow curves were obtained 


RELATIVE LIGHT INTENSITY 











TEMPERATURE, °C 


Fic. 1. Thermoluminescence of LiF. The solid curve is that of the 
sample which had been irradiated with soft x-rays, and the dotted curve is 
that of the sample which had been irradiated with 1.6-Mev gamma rays. 


by heating the sample from room temperature to 400°C at the 
rate of 0.8°C per second during which the emitted light was de- 
tected by an RCA1P21. The x-rays used had energies between 
one and seven kilovolts while the x-ray tube current was main- 
tained between 30 and 60 milliamperes. 

A. Thermoluminescence.—Samples of LiF were irradiated with 
the tube voltage varying between one and seven kilovolts. Follow- 
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ing every irradiation the samples exhibited thermoluminescence 
which was greater with increasing voltage. The curves exhibited 
three emission peaks located at 155°C, 240°C (the major one), 
and 310°C. Figure 1 presents a glow curve obtained from LiF 
which had been irradiated by soft x-rays and a glow curve ob- 
tained from LiF which had been irradiated by 1.6-Mev gamma 
rays. 

Crystals of NaCl were irradiated in a manner similar to that 
used in the case of LiF. The crystals were colored brown by the 
radiation and the brown color was discharged by heating. The 
resultant glow curves exhibited two peaks if the x-rays had en- 
ergies between one and four kilovolts, one at 200°C and the other 
at 280°C, the latter being the major one. At higher tube voltages 
a third, weaker peak was produced which appeared at 115°C. 
Increased voltages resulted in increased heights and areas of the 
glow curves. Figure 2 presents glow curves obtained from two 
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RELATIVE LIGHT 
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ry 50 100 60 


Fic. 2. Thermoluminescence of NaCl. The solid curve is that of the 
sample which had been irradiated with soft x-rays, and the dotted curve 
is that of the sample which had been irradiated with 1.6 gamma rays. 


samples of NaCl, one irradiated with soft x-rays and the other 
with 1.6-Mev gamma rays. 

Samples of KCl were irradiated at the same voltages as those 
applied to LiF. Irradiation from one to four kilovolts gave no 
glow curves while the higher voltages gave only a small curve with 
a peak at 140°C. The irradiation resulted in the appearance of a 
purple coloration which was discharged by heating. 

Crystals of CsBr exhibited thermoluminescence, which in- 
increased with increasing voltage, with a peak at 110°C. 

Samples of NaI, KF, KBr, KI, and RbBr were irradiated at 
various voltages but no glow curves were obtained. These salts 
are hygroscopic and white semitransparent layers were developed 
on the surfaces of the crystals which certainly was a factor in the 
absence of glow curves. 

B. Fluorescence-—The alkali halides that were mentioned 
above were irradiated at different voltages, varying between one 
and seven kilovolts. LiF, NaCl, and KBr emitted pale blue light, 
Nal and KI emitted purple light, and CsBr fluoresced with an 
intense blue light. Figure 3 displays the relative fluorescence of 
these salts in the form of a plot of light intensity versus tube 
voltage. 

It is interesting to note, in the case of both LiF and NaCl, the 
striking similarity in the glow curves resulting when the crystals 
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Fic. 3. Fluorescence produced while exposing the crystals to soft x-rays. 


had been irradiated with either the soft x-rays or the 1.6-Mev 
gamma rays. 

There is no obvious correlation between the thermoluminescence 
and the fluorescence in the alkali halides. It is possible that the 
observed fluorescence is a phenomenon equivalent to the low 
temperature thermoluminescence reported by Professor Daniels. 

* Present address: Research Department, IBM, Poughkeepsie, New 
York. 

1 Thermoluminescence of Crystals, Final Report—Contract AT (11-1)- 
27, University of Wisconsin, Madison, Wisconsin. 





Atom-Stabilization Energies in 
Conjugated Systems 


TAKESHI NAKAJIMA 


Department of Chemistry, Faculty of Science, Tohoku University, 
Sendai, Japan 


(Received November 16, 1954) 


N the simple LCAO MO method generally available for the 
quantum mechanical treatment of z-electron systems, the 
total binding energy & of the z electrons is usually given by the 
sum of the energy of each molecular orbital over the occupied 
states; that is 
occu 
&= 2 2e;, (1) 
? 
where ¢; is the energy of the jth molecular orbital. The alternative 
expression of & can be given by the sum of the bond energies as 
follows: 


occu 
&= L2pr= LD LT 4C,;C.; (in B units), (2) 
rT>8 r>s j 


where p;s is the mobile order of the bond r—s, C,, is the coefficient 
of the atomic orbital for atom 7 in the jth LCAO MO, and so on. 
These two expressions of & are very familiar. But the following 
expression obtainable by allotting & to the constituent atoms is 
not so familiar and has not been noticed: 
occu 
S=> &=2Z Z 2C,*e;. (3) 
r r 7 

Equation (3) indicates that the total binding energy is the sum of 
the energy &, of each atom, which we define as the stabilization 
energy of atom 7 or the energy of atom r in the conjugated state. 
The values of & may be larger or smaller according as atom r is 
more or less engaged in the conjugation. 

Now, from the above definition of &-, the energy required to 
Promote the x electrons of atom 7 from the conjugated state to 
the valence state which may be taken here as the state of &,=0 
becomes — &,, and this may be a suitable measure of the chemical 
reactivity of the rth position. In an alternant hydrocarbon — &; 
is the energy required to place just one 7 electron in the valence 


state, and so it may predict the reactivity toward the radical 
substitution for the rth atom. The calculated values of &, for the 
several conjugated systems are tabulated in Table I. It may be 
seen that the positions of the smallest value of &, will be most 
reactive, and the largest be least reactive as was to be expected. 
The corresponding free valence numbers and self-polarizabilities 


TABLE I 








Posi. Atom-stabilization em Free valence 


tions energy (inf units) ~ pility number 
Compound r &r &* ™rr F,> Fyt+e 





Naphthalene 1 1.2792 1.1674 0.443 0.452 0.545 

2 1.3276 1.2849 0.405 0.404 0.447 
Anthracene 9 1.2122 1.1321 0.526 0.520 0.811 

1 1.2724 1.2323 0.454 0.459 0.608 

2 1.3232 1.3032 0.411 0.408 0.422 
Biphenyl 1 1.2954 1.2323 0.423 0.436 0.500 

3 1.3203 1.2087 0.411 0.412 0.523 

2 1.3367 1.3229 0.396 0.395 0.409 
1:2-Benz- 10 1.2175 1.1279 0.5144 0.514 
anthracene 9 1.2298 1.1599 0.496 0.502 

5 1.2739 1.2265 0.452 0.458 

8 1.2755 1.2346 0.449 0.456 

3 1.2768 1.2392 0.448 0.456 

4 1.2770 1.2369 0.447 0.455 

4’ 1.2820 1.2704 0.439 0.451 

1.2920 1.2920 0.439 0.440 

2’ 1.3233 1.3047 0.410 0.409 

7 1.3236 1.2984 0.4t0 0.408 

6 1.3247 1.3077 0.409 0.407 

3’ 1.3289 1.3249 0.404 0.404 
Azulene 4 1.2498 1.2376 0.4388¢ 0.482 

3 1.2517 1.0110 0.422 0.480 

6 1.2778 1.2778 0.424 0.454 

5 1.3029 1.2492 0.429 0.429 

2 1.3121 1.3121 0.419 0.420 
Ethylene 1 1.0000 0.5000 0.500 0.732 
Butadiene 1 0.8944 0.6708 0.626 0.838 

2 1.3416 1.2526 0.402 0.391 








® For the numbering, see reference b. 

b B. Pullman and A. Pullman, Les Theories Electroniques de la Chimie 
Organique (Masson Editeur, Paris, 1952). 

¢ See reference 1. 

4H. H. Greenwood, Brit. J. Cancer 4, 441 (1951). 

e Pullman, Berthier, and Baudet, J. Chim. Phys. 50, 69 (1953). 


are also tabulated for the comparison. The precisely reverse 
linearity with the former and the approximately reverse with the 
latter will be seen. These points will be discussed further else- 
where. In a nonalternant hydrocarbon in which the number of the 
electrons promoted is not always one, — &; is less reliable as a 
measure of the reactivity toward the radical substitution. 

Recently, Nagakura and Tanaka! have shown that in an electro- 
philic substitution almost one z electron should remove from the 
reactant toward the reagent, and the free valence value for the 
resultant cation of the reactant will determine the position of 
the electrophilic attack. Thus, it may be expected that in an 
electrophilic substitution, — &,* of the cation of a reactant defined 
as follows would be a measure of the reactivity: 


t= &-—C;/es, 


where suffix f denotes the frontier orbital (the highest occupied 
orbital).? Likewise, — &;~ of the anion of a reactant written as 
follows predicts the position of the nucleophilic attack : 


é&r = Er+Cryper, 


where suffix f’ denotes the lowest vacant orbital. In alternant 
hydrocarbons, however, &-* is always equal to &,~. The calculated 
values of &,* are tabulated together with the corresponding free 
valence values F,* of the cation of the system. The agreements 
of the calculations with the observations are good as far as the 
observed data are available. 


1S. Nagakura and J. Tanaka, J. Chem. Phys. 22, 563 (1954). 
? Fukui, Yonezawa, and Shingu, J. Chem. Phys. 20, 722 (1952). 


















































Germanium-Oxygen System* 


E. S. Canpipust AND D. Tuomit 


Lincoln Laboratory, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


(Received December 13, 1954) 


TILIZING high temperature x-ray diffraction data, Hoch 

and Johnston! have concluded that germanous oxide from 

750° to 1400°C corresponds to an interstitial solid solution of 

oxygen in germanium. Below 970°C the solid solution is ordered 

and is characterized by the normal Ge lattice constant. Above 

970°C the solid becomes disordered and finally fuses at 1430°C. 

The upper limit for the oxygen solubility was set at 60 atomic 
percent oxygen. 

The general features of the germanium-oxygen phase diagram 
have been established in this laboratory by heat treating Ge-GeOz 
mixtures at 800 to 960°C, quenching to room temperature, and 
determining the nature of the product formed. An inert nitrogen 
atmosphere was used to reduce the rate of Geo evaporation. The 
Ge powder was prepared by H2 reduction of Eagle-Picher hexag- 
onal GeO: at 650°C. Hexagonal GeO2 was converted to tetragonal 
GeO: by heating at 850-900°C with KCI-LiCl flux followed by 
leaching with boiling water.” 

The germanium-oxygen phase diagram shown in Fig. 1 was 
established by the x-ray diffraction and microscopic characteriza- 
tion of heat-treated mixtures. Below 870°C the phases normally 
observed are Ge and hexagonal GeO» though tetragonal GeO: is 
the thermodynamically stable phase. From 870° to 940°C solid 
Ge is in equilibrium with a liquid phase containing approximately 
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60 atomic percent oxygen. On the GeO: rich side of the eutectic 
composition the liquid phase is in equilibrium with tetragonal 
GeO. Above 940°C and to 60 atomic percent oxygen, the system 
consists of two liquid phases, Ge, and a Ge2O; composition liquid. 
The liquid phase on quenching is transformed to a black glassy 
solid. This solid, characterized by a diffuse low-intensity ger- 
manium x-ray diffraction pattern, is probably a mixture of GeO» 
glass and precipitated germanium. 

Hoch and Johnston’s data suggest that the eutectic tempera- 
ture is near 750°C rather than 870°C. Numerous experiments 
were performed in which Ge-GeOz mixtures and “amorphous” 
GeO? were heat treated for 20 to 48 hours at 800° to 850°C. In 
every experiment the final phases were Ge and hexagonal GeOs. 
Consequently the observed fusion temperature of 870°C for GeO 
to GeO:.75 composition mixtures is considered to be the true 
eutectic temperature. Above 870°C the liquid phase has initially 
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a low viscosity but limited data indicates that prolonged heat 
treatment increases the viscosity. 

A series of Ge melting point determinations was performed in 
order to establish the effect of oxygen on the germanium melting 
point. The melting point of a 70 g sample in a graphite boat was 
measured with a Pt-Pt 13 percent Rh thermocouple calibrated at 
the silver melting point. 

The results shown in Table I indicate that the germanium 
melting point is not readily altered by oxygen. The amount of 


TABLE I. The effect of oxygen on the germanium melting point. 











Material Atmosphere 
N2-zone refined Ge bar Argon 940.2 +1.0 
N2-zone refined Ge bar Vacuum® 939.9+1.0 
Ge+18 wet. % GeOre (Tet.) Nitrogen 939.9+1.0 
N2-zone refined Ge bar Nitrogen 940.1+1.0 
He fused Ge bar Nitrogen 939.5+1.0 








a P<2X10-5 mm Hg. 


GeO evolved during the vacuum fusion indicates that the oxygen 
solid solubility is less than 0.1 percent. R. M. Whaley has noted 
that during vacuum fusion of germanium a copious brown smoke 
is evolved during fusion but ceases after the fusion is complete.‘ 
This observation suggests the existence of a finite oxygen solu- 
bility in bulk germanium. 

The continued support of this investigation by Professor J. E. 
Thomas, Jr., and Dr. S. A. Kulin is gratefully acknowledged. 


* The research in this document was supported jointly by the Army, 
Navy, and Air Force under contract with the Massachusetts Institute of 
Technology. 

7 Staff Members, Lincoln Laboratory, Massachusetts Institute of 
Technology. 

1M. Hock and H. L. Johnston, J. Chem. Phys. 22, 1376 (1954). 

2 A. Laubengayer and D. S. Morton, J. Am. Chem. Soc. 54, 2315 (1932). 
(1951) Bues and H. V. Wartenberg, Z. anorg. allgem. Chem. 266, 281 

4H. C. Torrey and C. A. Whitman, Crystal Rectifiers (McGraw-Hill 
Book Company, Inc., New York, 1948), p. 368. 





Paramagnetic Resonance of Methyl Substituted 
p-Benzosemiquinones* 
BALU VENKATARAMAN AND GEORGE K,. FRAENKEL 


Department of Chemistry, Columbia University, New York 27, New York 
(Received January 10, 1955) 


REVIOUS investigations in this laboratory employing the 
technique of paramagnetic resonance absorption have shown 
that radicals can be detected in an alkaline alcoholic solution of 
hydroquinone when it is subjected to air oxidation.! The para- 
magnetic spectrum exhibits five equally spaced lines which, 
within the experimental errors, are in the intensity ratio 1:4:6:4:1. 
It was concluded that: (1) the structure in this spectrum, and the 
structure observed by Weissman et al.2 and by Jarrett and Sloan’ 
in certain other spectra, are due to the effects of magnetic hyper- 
fine interactions between protons and the unpaired electron, and 
(2) the radical species observed is the negative p-benzosemi- 
quinone ion. The semiquinone ion of duroquinone (tetramethyl-/- 
benzoquinone) was also examined, and thirteen equally spaced 
lines were observed that were attributed to hyperfine interaction 
with the twelve equivalent methyl-group protons. The spectrum 
of the p-tolusemiquinone ion (monomethyl-p-benzosemiquinone 
ion) was detected but could not be fully interpreted. 

We have recently studied the spectra of the semiquinone ions of 
p-xyloquinone (2,5-dimethyl-p-benzoquinone) and m-xyloquinone 
(2,6-dimethyl-p-benzoquinone) and have re-examined the spec 
trum of the #-tolusemiquinone ion.‘ The spectra of the two xylo- 
semiquinone ions contain nine major lines which are split into 
from nineteen to twenty-one incompletely-resolved components. 
The spectrum of the tolusemiquinone, shown in the upper patt 
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of Fig. 1, consists of seven main lines. The lower part of the figure 
shows the low-field half of the spectrum in detail and indicates 
that these seven lines are split into twenty components. 

The spectra of the xylosemiquinone ions are readily interpreted 
by assuming that the structure is due to hyperfine interaction 
with two equivalent protons on the benzene ring (interaction 
constant a) and six equivalent protons on methyl groups (inter- 
action constant b). The values of a and b are given in Table I. 


Fic. 1. Paramagnetic resonance 
spectrum of the ~-tolusemiquinone 
ion. Upper half: entire spectrum. 
Lower half: part of spectrum show- 
ing the low-field components and 
one high-field component. 


Agreement between the calculated and experimental positions of 
the twenty-one components is within the experimental error, and 
the intensities, which have not been measured, are in qualitative 
agreement with the theory. The conclusion that b is greater than 
a follows unequivocally from the sequence of the line intensities. 

The spectrum of the -tolusemiquinone ion can be fitted ap- 
proximately by assuming that two of the ring protons are equiva- 
lent (a;=a2:=a) and cause a larger splitting than the third ring 
proton (a>as;), and that the three equivalent methyl-group 
protons give rise to a splitting that is the average of the splitting 
due to the ring protons, i.e., b=(1/2)-(a+a;3). This model 
predicts twenty lines in seven groups. The intensities of one half 


TABLE I. Interaction constants. 








Interaction constant (gauss)*-> 


Derivative of Methyl-group 





p-benzosemiquinone Ring protons protons 
ion (a) 

Unsubstituted 2.33 ove 
tetramethyl tee 1.88 
2,5-dimethyl 1.80 2.22 
2,6-dimethyl 1.88 2.10 
monomethyl a =a) =a: =2.48 

a3 =1.73 2.02 








* In these experiments, 1 gauss is equivalent to 2.80 Mc/sec. 

> The values of a and b have not been corrected for overlap except in the 
case of unsubstituted hydroquinone where the overlap is negligible. The 
experimental errors are less than +0.05 gauss. 


of the spectrum are calculated to be: (7,3), (1,6,5,3), (2,3,1) and 
(1), where the lines are enumerated from the center of the spec- 
trum outwards. A more precise fit than predicted by this model 
can be obtained by allowing b to differ slightly from the mean of 
a and a; if the incomplete resolution of the components is taken 
into account. Values of a, b, and a; are given in Table I. 

_ If the values of the interaction constants for protons situated 
in similar position in the same or different molecules can be 
interpreted as being proportional to the mean density of the un- 
paired electron at the protons,! relative values of a and relative 
values of b should be proportional to the densities of the unpaired 
electron at, respectively, ring- and methyl-group protons. Such 
electron densities are not to be confused with the total r-electron 
density, Calculations of the odd electron density by the molecular 
orbital method are in order but have not been performed. It is not 
Possible to decide on the basis of symmetry alone which protons 
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are equivalent in the tolusemiquinone ion, but it seems reasonable 
to assume that the equivalent protons are ortho and para to the 
methyl group. Steric effects may be important in the durosemi- 
quinone ion and the study of the 2,3-dimethy] and 2,3,5-trimethyl 
compounds is desirable. 

We would like to thank Professor Gilbert Stork for the gift of 
the sample of m-xyloquinone. 


c * Supported in part by the Squier Signal Laboratory, U. S. Army Signal 
orps. 

1 Abstract, 126th meeting of the American Chemical Society, New York, 
September 12-17, p. 22-R, paper No. 54 in the Division of Physical and 
Inorganic Chemistry. Manuscript submitted for publication to J. Am. 
Chem. Soc. 

2 Weissman, Townsend, Paul, and Pake, J. Chem. Phys. 21, 2227 (1953); 
Lipkin, Paul, Townsend, and Weissman, Science 117, 534 (1953); Chu, 
Pake, Paul, Townsend, and Weissman, J. Phys. Chem. 57, 504 (1953); 
and S. I. Weissman, J. Chem. Phys. 22, 1135 (1954). 

3H. S. Jarrett and G. J. Sloan, J. Chem. Phys. 22, 1783 (1954). 

4The measurements were made at a wavelength of about 3.2 cm. The 
pete used is described by J. M. Hirshon and G. K. Fraenkel (to be 
published). 





Color Centers in Smoky Quartz 


ALvIn J. CoHEN 


Multiple Fellowship on Glass Science, Mellon Institute, 
Pittsburgh, Pennsylvania 


(Received September 1, 1954) 


ECENTLY Arnold! has reported an absorption maximum 
at 2.64 ev (470 my) in x-irradiated synthetic quartz cut 
perpendicular to the ¢ axis. This maximum at 2.68 ev (462 my) 
was first reported by Yokota? in natural quartz cut parallel to 
the c axis and colored by x-rays. This peak was not found earlier 
by several investigators, as reported in a recent letter. In the 
interim, Mitchell and Paige‘ have reported in natural smoky 
quartz measured perpendicular to the ¢ axis an absorption maxi- 
mum at 2.65 ev (468 mu). They also bombarded bleached smoky 
quartz with neutrons and found a maximum at 2.75 ev (451 my). 
The writer now confirms peaks in the 450-470-my region of the 
absorption spectrum of x-irradiated bleached smoky quartz from 
the Dinkey Lakes region of California. The natural smoky ma- 
terial cut either parallel or perpendicular to the ¢ axis gave a 
peak maximum centered at 425 my as stated earlier.’ After having 
bleached the 425-myz peak and x-rayed (50 PKV, 20 ma) for 
several hours, the material cut parallel to the ¢ axis gave two re- 
solved peaks with maxima at 430 and 455 my which appeared as 
one peak with a maximum at 465 my when x-rayed almost to 
saturation. The wafer cut perpendicular to the ¢ axis gave two 
maxima at 455 and 470 my after intermediate x-ray dosage which 
appeared as one absorption peak with a maximum at 460 my 
upon x-ray saturation. Smakula‘ first brought attention to this 
anisotropy of a color center in smoky quartz for an absorption 
maximum in the 400-435 my region. 

The writer earlier criticized Niira® for using the difference in the 
462-my peak in smoky quartz and the 539-my peak in fused silica 
as an indication of the difference in the Si-Si distance in a quartz 
vs fused silica. Arnold,! upon discovering an absorption peak at 
470 my in synthetic quartz which is in close agreement with the 
peak at 462 my found by Yokota, then concludes that Niira’s 
result is reasonable. Arnold makes no attempt to explain the peak 
at 550 my in a quartz which lies so near the 539-my peak in fused 
silica. The writer now believes that both smoky and amethyst 
quartz do indeed contain F-centers which differ, however, accord- 
ing to the particular chemical impurities present. This conclusion 
is based on the following facts. 

Griffiths, Owen, and Ward’ have found paramagnetic resonance 
peaks in irradiated smoky quartz which disappear on heat bleach- 
ing the smoky color. They suggest that these magnetic centers 
involve electrons closely associated with impurity atoms in the 
lattice having a nuclear spin of 5/2. They mention aluminum-27 
or manganese-55 as the more likely impurities. These same authors 
later presented definite evidence® that aluminum-27 is responsible 
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for the effects which they observed. It would be of interest to de- 
termine whether such nuclei as magnesium-25, titanium-47, or 
zirconium-91 of spin 5/2 would give similar results. Synthetic 
quartz grown by the temperature gradient method and of very 
high purity has been shown not to color upon x-irradiation, while 
crystals grown with deliberate introduction of copper, chromium, 
manganese, and arsenic all darken on x-irradiation.? Amethyst- 
colored quartz has been grown by adding manganese as an 
impurity.” 

It has been found recently in this laboratory that a commercial 
fused silica containing between 0.001 and 0.01 percent iron and 
aluminum as the major impurities begins to develop color centers 
at 300 and 540 my after 10 minutes of irradiation with 50 PKV 
20 ma x-rays when 6.5 cm from the beryllium window of the tube. 
In contrast, Corning purified fused silica will not develop these 
characteristic color centers after 100 hr under the same conditions. 
Gale and Bickford" have already reported the resistance to 
coloration of this latter material. 

Dainton and Rowbottom” believe that the color center in fused 
silica at 545 my is not due to manganese impurity. We are in 
agreement with this conclusion since we have produced the same 
peak in several samples spectroscopically free in manganese but 
containing other chemical impurities in the order of 10-100 ppm. 
These investigators argued that 10-20 ppm of a given impurity 
was insufficient to give the intensity of color that was observed. 
However this impurity level is in the order of 10!” impurity atoms 
per cm, a typical concentration for F-centers in radiation-colored 
solids. 

At the present juncture, it would seem that the wavelengths 
of F-centers found in both fused silica and a quartz vary with the 
specific impurity present. One concludes that the color center 
peaks in fused silica at 539 my and in quartz at 462 my, as re- 
ported by Yokota,?:"5 are associated with chemical impurities (and 
perhaps simultaneously with silicon atoms), and that Niira’s 
theory is incorrect. 

1G. W. Arnold, Jr., J. Chem. Phys. 22, 1259 (1954). 

2R. Yokota, J. Phys. Soc. (Japan) 7, 222 (1952); Chem. Abstracts 47, 
ar (1953). 

ot. Cohen, J. Chem. Phys. 22, 570 (1954). 

‘ E. W. J. Mitchell and E. G. S. ‘Paige, Proc. Phys. Soc. (London) B67, 
262 (1954). 

5 A. Smakula, J. Opt. Soc. Am. 40, 266 (1950). 

6K. Niira, Busseiron Kenkyu 50, 17 (1952); Chem. Abstracts 46, 7421c 
19S iets, Owen, and Ward, Nature 173, 439 (1954). 

8 Conference on Defects in Crystalline Solids, Bristol, July, 1954. 

°C. S. Brown and L. A. Thomas, Nature 169, 35 (1952 

10 Thomas, Wooster, and Wooster, Disc. Faraday Soc. 5, “341 (1949). 

A, J. Gale and F. A. Bickford, Nucleonics 11, 48 (1 953). 

12F, S. Dainton and J. Rowbottom, Trans. Faraday Soc. 50, 480 (1954). 


13 R, Yokota, J. Phys. Soc. (Japan) 7, 316 (1952); Chem. Abstracts 47, 
11995g (1953). 





Comment on ‘Color Centers in Smoky Quartz” 
GEORGE W. ARNOLD, JR. 


Naval Research Laboratory, Washington 25, D. C. 
(Received October 1, 1954) 


HIS writer’s original note! was intended, and was so stated, 

to report an absorption maximum in synthetic quartz at 

2.64 ev (470 mu), which closely corresponds to Yokota’s? absorp- 

tion maximum in natural a quartz at 2.67 ev (462 my). Mitchell 

and Paige® have provided additional confirmation for this maxi- 

mum in both types of quartz as well as in bleached natural smoky 

quartz. Cohen has confirmed the peak observed in the latter 
specimen as indicated in the preceding note. 

As Cohen points out, the 550 my peak in amethyst quartz* is 
very near the peak in fused silica reported by Yokota. If one 
adheres unreservedly to the chemical impurity concept, for 
which there is much substantiating evidence, then, indeed, Niira’s® 
theory is negated. 

The pleusibility of Niira’s theory lies in its explanation of 
Yokota’s experimental observations®* on the presence of the 
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2.3-ev peak in irradiated fused silica specimens prepared under 
reducing conditions and its absence in specimens prepared under 
oxidizing conditions. Yokota further found that fused quartz 
prepared under oxidizing conditions and then heated at high 
temperature in silicon vapor, yielded the visible band on irradia- 
tion. Similarly, quartz prepared under oxidizing conditions when 
reprocessed under reducing conditions also yielded the visible 
band when irradiated. Yokota has recently’:* extended his work 
to include alkali silicate and borate glasses, carefully prepared to 
exclude impurities, and concludes that the visible band in these 
radiation colored glasses is also due to electron trapping by oxygen 
vacancies. 

No mention was made of the 550 my band in amethyst quartz 
in the writer’s original letter because it was believed that the 
color of amethyst is indeed the result of impurities, namely, Fe, 
which it contains in relatively large quantities. The observations on 
synthetic quartz given below, however, leave this matter in doubt. 

The impurity view for color formation in amethyst has been 
advocated by a number of investigators." Holden® showed that 
the amethystine color intensity was proportional to the Fe present 
while the varieties of smoky quartz and clear quartz which could 
be darkened by irradiation showed no correlation between the 
impurities present and the intensity of coloration produced. 
Frondel and Hurlbut! have given Al, Fe, and Ti as the chief 
impurities. 

The synthetic quartz used by the writer was grown by the 
temperature gradient method. This material darkens less readily 
than does natural quartz under x-irradiation, and the writer be- 
lieves that the synthetic quartz studied by Brown and Thomas" 
would have darkened after a longer period of irradiation. These 
authors used 35 KVP tungsten rays at 15 ma for a 24-hour period 
with a target to specimen distance of 3 cm. It is interesting to 
note that Brown and Thomas found that the synthetic quartz 
grown by a constant temperature method" turned a distinct 
purple on irradiation. The investigators" using this method indi- 
cate that the crystalline perfection of their samples varied widely 
depending on rate of growth, and have shown" by an x-ray method 
that their quartz was imperfect relative to natural quartz. Since 
the nutrient material used by them was fused silica, no greater 
amounts of impurities would be expected in this method of growth 
than in other synthetic processes. This is highly indicative that 
the color produced was due to structural defects rather than 
impurities and raises some doubt as to the role of impurities even 
in amethyst. 

The resistance of Corning fused silica to irradiation is very 
interesting and it would seem desirable to see if modifications in 
the processes of consolidation have any effect on this resistance. 

Dainton and Rowbottom"* contend that the impurity content 
of the fused silica samples studied by them is insufficient to 
account for the observed density at 545 my and this argument is 
not affected by the fact that the impurity concentration mentioned 
is typical of F-centers in other solids. These authors were inclined 
to interpret their results in terms of the theory of color center 
formation in the alkali halides. In support of this interpretation 
they cite the evidence of Debye and Bueche!” and Prebus and 
Michener'® for the existence of submicroscopic crystallites in 
glass, with the possibility that incipient color centers form at the 
boundaries between the two phases. Forman’s! work on the 
colorability modification of crystalline quartz by immediately 
preceding heat treatment lends some credence to this possibility. 

It should also be mentioned that Verhoogen™ finds that the 
electrical conduction parallel to the c-axis in quartz can be quali- 
tatively explained by assuming motion of oxygen vacancies. His 
observations on diffusion of metallic ions through the lattice are 
consistent with such a theory. 

It is hoped that subsequent investigations will reconcile these 
divergent viewpoints. 

The writer wishes to take this opportunity to point out that 
Simon and McMahon”! do not agree with Saksena’s” assignment 
of 8.7 u as an oxygen valence bond oscillation. For this reason, the 
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reduced absorption in synthetic quartz! at 2.92 wis at present not _ nace, the temperatures being determined by an optical pyrometer. 


: ‘ : 

' explained. Results are shown for one specimen a second specimen gave sub- 

1G. W. Arnold, Jr., J. Chem. Phys. 22, 1259 (1954). stantial agreement. The temperature was 1280°C for all data re- 
2R. Yokota, J. Phys. Soc. Japan 7, 222 (1952). orted. The procedure was to impress a resistance limi Ir 

3E. W. J. Mitchell and E. G. S. Paige, Proc. Phys. Soc. (London) 67, P I _— - stance | ~ ted cues 
262 (1954). upon the crystal and observe the resulting potential difference 
4M. K. V. Bappu, Ind. J. Phys. 26, 1 (1952). “a T P ‘4 ° 

5K. Niira, Busseiron Kenkyu 50, 17 (1952); Chem. Abstracts 46, 7421c with an Leeds & Northrup ty _ K potentiometer. 

(1952). . Sait ion Curves for a number of different current values are shown 
é Tole , . . . . . 
‘va bho as tee en. . plotted in Fig. 1. Upon application of current the potential first 

) 43 —— ay ag { se asm. rises instantaneously by an amount which we refer to as the iR 

10 J. Hoffman, Z. anorg. u. allgem. Chem. 196, 225 (1931). drop and then continues to rise at an observable rate. Figure 1 


uN. E. Vedneeva, Trav. lab. crist. acad. sci. U. R. S. S. 107 (1940). . , i sats 
Mineralog. Abst. 9, 198 (1946). shows only the long-term variation and demonstrates that several 


#%C, Frondei and C. S. Hurlbut, Jr., Final Report, Contract No. DA hours are required for equilibrium to establish itself. The initial 


, ~039-SC-15350, Harvard University (1953). ° ° ° ° ° ° ° 
ay S. Brown chery iy = Taemas, Hadese 169, 35 (1952). rise (tR drop) is not discernible from the figure and indeed is 
— Wooster and Wooster, Discussions Faraday Soc. 5, 341 difficult to establish by measurements with a dc potentiometer. 
1949). sa ; . . 

1s W. A. Wooster and G. S. McDonald, Acta Cryst. 1, 49 (1948). Preliminary oscillographic studies have verified that the abrupt 


16 F, S, Dainton and J. Rowbottom, Trans. Faraday Soc. 50, 480 (1954). e .cae ° ae . . . : 
17 P. Debye and A. M. Bueche, J. Appl. Phys. 20, 578 (1949). initial rise does exist; further work is necessary regarding the 


18 A, F, Prebus — Pz ae, Phys. Rev. 87A, 201 (1952). short-time observations. 
1G. Forman, J. Opt. Soc. Am. 41, 377 (1951). ° . 
' 2 J, Verhoogea, Am. Mineralogist 37,637 (1982). Upon interruption of the current, the voltage first falls abruptly, 
27, Simon anc . O. McMahon, J. Chem. Phys. 21, 23 (1953). , ly 2 
2G. Saksena, Proc. Indian Acad. Sci. Al2, 93 (1940). and then decays slowly. The rate of decay depends upon the re 
| sistance shunting the specimen; for infinite external resistance the 


decay curve is similar to, but not identical with, the curve of 
increasing polarization. 
In Fig. 2 equilibrium values of the potential are plotted against 
Polarization in Thorium Oxide Crystals* current through the crystal. The values plotted are those shown 
-— © Gi by the circles in Fig. 1. One sees that the final potential rises more 
Bartol Research Foundation of the Franklin Institute, slowly than proportional at first and then becomes linear. The 
Swarthmore, Pennsylvania resistance value corresponding to the slope of the linear portion 
(Received December 14, 1954) 16 000 ohms. The geometry is such that the specific resistance in 
ohm-cm is very nearly equal to the actual resistance. Present 
indications are that this value is at least one order of magnitude 
heat treatment. Electrical conductivity data were reported for greater than the oscillographically determined initial <R drop. It 
sintered thorium oxide by Danforth and Morgan? and for single Cannot, however, necessarily be identified with a “dynamic” re- 
crystals in an atmosphere of oxygen by Weinreich and Danforth.? _ sistance of the specimen; in a given condition. This value of R is 
The work here reported is concerned with single crystals in that for the case where a change of current is made, and the resulting 
low-oxygen state which results from treatment at high tempera- change of voltage is observed after the specimen has been allowed 
ture in vacuum. The specimens were mounted in a vacuum fur- _ to come to a new equilibrium. 





REVIOUS work"! has established the existence of several color 
) states of thorium oxide as determined by oxygen content and 
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Fic. 1, Polarization at constant current in afsingle crystal of thorium oxide. 
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In a theoretical analysis of these results, one postulates a model 
in which both electrons and positive ions are free to move. If the 
potential difference is kept below a critical value, the positive 
ions do not deposit on the cathode as a product of electrolysis 
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CURRENT IN MIGROAMPERES 


Fic. 2. Equilibrium potential as a function of the current 
through the crystal. 


but simply experience a change in their spatial distribution. The 
electrons, however, pass freely to and from both electrodes. The 
problem is one of considerable mathematical difficulty. Some 
justification, however, exists for the assumption of detailed elec- 
trical neutrality and, on the basis of this postulate, it appears 
that‘ the large polarization effects here observed require the pres- 
ence of a considerable excess of positive ions over electrons, charge 
balance being maintained by negative ions in fixed lattice positions. 

* Assisted by U. S. Navy, Bureau of Ships, and by the Office of Ordnance 
Research. 

1W. E. Danforth, Advances in Electronics, Volume V, 1953. 

2W. E. Danforth and F. H. Morgan, Phys, Rev. 79, 142- 144 (1950). 


30. A. Weinreich and W. E. Danforth, Phys. Rev. 88, 953-954 (1952). 
4 J. H. Bodine, private communication. 





On a New Method of Drawing the Potential 
Energy Surface 


Surin SATO 


Laboratory of Physical Chemistry, Tokyo Institute of Technology, 
Ookayama, Meguro-ku, Tokyo, Japan 


(Received December 6, 1954) 


HE so-called “semi-empirical method” devised by Eyring 

et al.1 has been widely used to interpret many chemical 
reactions. The present author has devised a new method and 
applied it to a simple system which consists of three hydrogen 
atoms A, B, and C. 

If the atom C is kept at infinite separation, the potential energy 
of the system is equal to the energy given by two atoms A and B, 
which is approximated by the following equations derived from 
the Heitler-London method, for a bonding state 


Evona= (Qan+aas)/(1+Sa45*)=(Qasteaas)/(1+k) (1) 
and for an antibonding one 
Eant= (Qa8—aas)/(1—Sas*)=(Qas—aaz)/(1—k). (2) 
The Epona is given by the well-known Morse function 
Epona= De Br) —2¢Br—re) }, (3) 
but the Eant has not its approximate function. For the latter the 
present author proposes the equation 


D. 
Ean =y Le PO +2¢Blr—re) 7}, (4) 
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which is in good accordance with the calculated data for the *2, 
state of hydrogen molecule,? where D,, 8, and r, are constants 
which appear in the Morse function (3). Assuming & as a con- 
stant of the system considered, Q4z and az are obtained as func- 
tions of raz by substituting Eqs. (3) and (4) in Eqs. (1) and (2) 
respectively. In the same way one can obtain Qzc, agc, and Qc, 
aca as functions rgc and rca. 

For the potential energy of the system of three atoms London 
derived an equation which has been used by Eyring e¢ al. By 
making slightly different assumptions the present author has 
derived the equation 


B= (04n+Onc+Qca 
— {40 (eas—arnc)*+ (asc—aca)*+(aca—aap)?}}4}. (5) 


The London equation does not contain the term k. It corresponds 
to the square of overlap integral and may be so small compared 
with unity in the range of r under consideration that the formula 
(5) does not so much differ from London’s one. Thus one can ob- 
tain the potential energy of the system as functions of raz, rac, 
and rca. 

When carrying out the calculation, it is easily found that three 
atoms in the activating process of hydrogen atom-molecule re- 
action should lie on a straight line as Eyring ef al. found. Figure 
1 has been drawn for the linear configuration of A-B-C, adopting 
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Fic. 1. Potential energy surface of H; (k =0.18). 


’AB, ?Bc as coordinates. The map obtained differs essentially from 
Eyring’s one! which has two saddle points and a basin; the present 
result has only one saddle point and no basin, coinciding with 
that of the nonempirical calculation.’ 

After allowing for zero-point energy, the value at the saddle 
point corresponds to the activation energy of hydrogen atom- 
molecule reaction (Table I). In order to obtain Q,; and a; Eyring 


TABLE I. Activation energy of hydrogen atom-molecule reaction (kcal). 





—— 








Calculated 
Eyring! Present 
Experimental p E.*® Eo> k Ec Eo 
5.0+0.54 0.14 14 0.0 23.8 
0.1 13.4 oo 
7.0+0.55 0.20 7.63 8.50 0.18 5.42 4.99 
0.20 3.59 oo 








*® E-—without reference to zero-point energy. 
b Ey—after allowing for zero-point energy. 
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et al., used the Coulomb fraction p as a constant for the system of 
two atoms and calculated the activation energy of the above re- 
action on the assumption of p=0.20.! As Table I shows, however, 
one must adopt p>0.20 for obtaining the best value. If p>0.20 
is used the minimum of the basin becomes lower than the one of 
hydrogen molecule, as Fig. 2 shows. Moreover Eyring’s method 
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Fic. 2. Comparison of two methods. 


can not be applied in the range of r<1.0 a.u.,! while the present 
one is bearable even in the same range. For other systems, the 
problem is being studied. 


1 Glasstone, Laidler, and Eyring, The Theory of Rate Processes (McGraw- 
Hill Book Company, Inc., New York and London, 1941). 

2James, Coolidge, and Present, J. Chem. Phys. 4, 187 (1936); J. O. 
Hirschfelder and J. W. Linnett, J. Chem. Phys. 18, 1 (1950). 

3 Hirschfelder, Diamond, and Eyring, J. Chem. Phys. 5, 697 (1937). 





Joshi Effect in Relation to Intermittent Pulses 


M. B. DESHMUKH 
Department of Physics, S. P. College, Poona, India 
(Received January 6, 1955) 


HILE working in this Laboratory, with a hydrogen-filled 
(pressure of hydrogen 69 mm Hg) cylindrical glass tube 
(length 6.9 cm and diameter 2 cm) and external sleeve electrodes 
to which a 50-cps alternating voltage was applied, it was observed, 
for the first time as far as the author is aware, that some of the 
discharge current pulses as seen on the face of the cathode-ray 
oscilloscope were intermittent, i.e., their frequency of occurrence 
was less than 50 times per sec. Visual measurements showed that 
the frequency of occurrence F of such pulses was affected by 
irradiation of the discharge tube with visible white light. The 
results obtained are summarized in the following: 


(a) F decreased on irradiation, thus showing a negative per- 
centage effect defined as 
Fi- 


100, 
= a Be 


where Fp and Fz are frequencies of occurrence of an intermittent 
pulse in dark and under irradiation, respectively. In a typical 
observation Fp, Fz, and percentage effect were 1.48 per sec, 0.08 
per sec, and —94, respectively. 
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(b) The percentage effect decreases as the intensity of irradia- 
tion is reduced. 

(c) Fora given intermittent pulse, Fp and Fz increased and the 
percentage effect decreased as the voltage applied to the dis- 
charge tube was increased. Thus with increase of the applied 
voltage a given intermittent pulse became steady. On further in- 
crease of voltage some new intermittent pulses appeared which, 
in turn, showed a similar dependence on the applied voltage. 

(d) Irradiation of the discharge tube by ultraviolet light also 
reduces F. 

(e) The intermittent pulses occur over quite a wide range of 
sleeve distances. 

(f) Though irradiation reduces the frequency of occurrence of 
the intermittent pulses, it has no appreciable effect on their 
heights. Since the current due to a pulse is proportional to the 
product of the pulse height and the frequency of occurrence, it 
follows that for these pulses there is a negative percentage current 
effect. 

(g) These experiments were carried out during March and 
April, 1954 when the weather was dry. After the advent of the 
rainy season in June, it was found that the percentage effect de- 
creased. This seemed interesting as the copper wire sleeves were 
in contact with the outside glass surface. It appeared possible that 
the moisture adsorbed on the glass and copper surfaces which 
were in contact would influence the phenomenon by affecting the 
part of the applied voltage which dropped in the adsorbed layer. 
The amount of adsorption would depend upon humidity of the air 
surrounding the discharge tube. How far this moisture in the air 
surrounding the discharge tube was responsible for the decrease 
in the effect was, therefore, investigated by keeping the discharge 
tube inside a wooden box with a glass front, the moisture content 
inside it being adjusted by phosphorus pentoxide and measured 
by a Regnault’s hygrometer. The results showed that the drier 
the air, the greater are the striking voltage and the percentage 
effect. 

My thanks are due Dr. S. S. Joshi of Banaras Hindu University 
and Dr. M. K. Paranjape of S. P. College, Poona for their interest 
in the work. My thanks are also due the Principal, S. P. College, 
Poona and the Principal, Nowrosjee Wadia College, Poona for 
laboratory facilities. 





Lowest Triplet Levels of the Polyacenes* 


S. P. McGtynn, M. R. PADHYE,t AND M. KASHA 


Department of Chemistry, Florida State University, 
Tallahassee, Florida 


(Received December 23, 1954) 


ECENT theoretical studies'~ of the electronic levels of the 

aromatic polyacene hydrocarbons focus attention on assign- 
ments of transitions in this series. Theory agrees with the assign- 
ments! for the singlet states. However, the more difficultly ob- 
servable triplets have given some trouble. For benzene** and 
naphthalene’ the lowest triplets have been definitely located 
at 29470 cm™ and 21246 cm™ respectively (best values by 
Shull,” and Ferguson ef al.," respectively). For anthracene, Lewis 
and Kasha gave 14700 cm™ as the lowest triplet energy. Re- 
cently, Reid'*"* has offered three independent lines of indirect 
evidence against this assignment, quoting 19000 cm™ for the 
anthracene lowest triplet. 

The position of the lowest triplet of anthracene was redetermined 
by two independent direct methods. We have found!® a weak 
absorption beginning at ca. 14850 cm™. This band we proved 
to be intercombinational (T —S) by solvent-perturbation tech- 
niques.'* Secondly, we have photographed"? the converse phos- 
phorescence (T — S) emission, and find the 0,0 frequency of 
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anthracene to be 14 927 cm~. Analysis of this emission by known 
Raman frequencies of anthracene shows that the emission is of an 
orbitally allowed «— g type. A study of the phosphorescence 
spectra of five chlorinated anthracenes has confirmed the assign- 
ment of this anthracene triplet. 

The intrinsic mean lifetime of the lowest triplet state of anthra- 
cene was calculated from the integrated absorption to be 0.09 
sec. This value compares with an upper limit'® of 0.1 sec and a 
lower limit" of about 0.01 sec. 

The lowest triplet state of naphthacene has been reported" at 
19 600 cm“, from observation of phosphorescence (mean lifetime: 
2 seconds). Both the frequency and lifetime are anomalous in the 
correlation scheme (cf. Fig. 1). Extrapolation of the lowest triplet 
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Fic. 1. Correlation scheme for the lowest triplet states of the polyacenes. 


Energy values given in the text. The lifetime values for benzene and naph- 
thalene are from McClure (see reference 9). 


locus for the first three polyacenes predicts an infrared lowest 
singlet-triplet transition for naphthacene. A search for this transi- 
tion in simple absorption gave no clear indication of its existence. 
However, using solvent-perturbation techniques,!® a significant 
development of absorption was observed,* with the first strong 
peak at 10 250 cm™; this must be the 0,0 band of the lowest 
T —S absorption of naphthacene. Theory predicts this level at 
about this frequency (10 600 cm™ by Hall,! 9000 cm“ by Pariser,’ 
and 10 000 cm™ by L. Goodman of this laboratory, using Moffitt’s 
method?). 

Attempts to photograph a naphthacene infrared emission have 
been unsuccessful so far. If the yellow phosphorescence (T — S) 
emission of naphthacene at 19 600 cm“ is real, our observation of 
a lower triplet level makes the observed phosphorescence a viola- 
tion of the previously universal rule concerning unique emissions 
in a molecule.” 

The mean lifetime of the naphthacene lowest triplet was calcu- 
lated as 0.005 sec, using the T <— S absorption curve. This level 
fits smoothly in the correlation scheme (cf. Fig. 1). 

Some interesting deductions may be made concerning the 
higher polyacenes. Extrapolation of our results indicates that in 
these the lowest triplet approaches the ground state. Thus, al- 
though one still expects singlet ground states, thermal population 
of lowest triplets in higher polyacenes would be possible. Observa- 
tions could then be made of temperature-dependent paramag- 
netism, thermochromism of triplet-triplet origin, and unusual 
chemical behavior. 

Consideration’ of the assignments of the lowest triplet states 
of the polyacenes indicates that they are orbitally allowed for 
naphthalene, anthracene, and naphthacene, and of species *Bo, 
(in Dex). For benzene (De¢,), the lowest triplet state must be °Bi, 
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(®Ei, is eliminated by the long lifetime); this makes the benzene 
lowest singlet-triplet orbitally forbidden. Thus the experimental 
assignments for the polyacene lowest triplets settle the ambiguity 
in the benzene lowest triplet assignment. 


* Work supported by the Office of Naval Research, U. S. Navy. 

t Present address: Department of Chemical Technology, University of 
Bombay, Matunga Road, Bombay 19, India. 

1G. G. Hall, Proc. Roy. Soc. (London) A213, 113 (1952). 

2W. Moffitt, J. Chem. Phys. 22, 320 (1954). 

3R. Pariser, Symposium on Molecular Structure and Spectra, Ohio 
State University, June, 1954. 

4H. B. Klevens and J. R. Platt, J. Chem. Phys. 17, 470 (1949). 

5 G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 2100 (1944). 
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authors report a half-life of 10-4 sec for anthracene in hexane solution at 
room temperature. This value is not the intrinsic half-life of the triplet 
state, but includes also the effect of collisional depopulation, which is both 
temperature and viscosity dependent. Thus in glycerol a half-life of 1073 
sec was found. The true intrinsic-mean lifetime we estimate to be greater 
than 10-2 sec, since the actual quantum yield of triplet — singlet eméssion 
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X-Ray Diffraction Study of Four Reinforcing 
Carbon Blacks* 


LEROY ALEXANDERT AND STEPHEN R. DARINt 
Mellon Institute, Pittsburgh, Pennsylvania 
(Received December 16, 1954) 


N view of the heightened interest in carbon structures, we 

present a summary of an investigation performed three years 
ago. The curve-fitting interpretative method of Franklin! was 
judged to be the most fruitful of structural information. Experi- 
mental and theoretical (002) and (hk) line shapes are matched 
after the observed intensities have been first normalized to elec- 
tron units, A, and then converted to “reduced’”’ intensities, J (s) 
= (A—C)/E where C and E are, respectively, the incoherent and 
independent coherent scattering of carbon, and s= (2 sin@)/A. 

A spectrographic pelleting press was used to mold blocks of 
the pure carbon blacks about 0.6 mm thick. Crystal-mono- 
chromatized x-rays penetrated the specimen at perpendicular 
incidence in an evacuated Debye-Scherrer camera of 57.3-mm 
diameter. Only the diffraction pattern below 20= 70° was recorded, 
CuKa and MoKa radiations being used to supply intensity data 
in the respective angular ranges s=0 to 0.40 and 0 to 0.90. The 
photographic patterns were photometered and the intensities then 
derived by reference to a scale of graded densities.2 The Cu and 
Mo intensities were corrected for absorption’ and polarization‘ and 
then combined into a final intensity curve expressed in electron 
units, A. James and Brindley’s atomic scattering factors? for 
carbon were squared to give E, and values of C were taken from 
published tables.® 

The experimental (11) line profile was next matched with pro- 
files calculated from Franklin’s Eq. (3),! allowance being made 
for the contributions of the two-dimensional (10) reflection and the 
fraction D of disorganized matter. The (00) reflection arises from 
unassociated graphitic layers and gives only a negligible con- 
tribution. Figure 1 illustrates the final match of the (11) peak of 
Kosmobile 77. For this reflection the constants in Franklin’s 
Eq. (3) have the values m=12, F=2, n=2, and Ag=5.25 A’; 
F(a) is a defined function? of La, s, and so, the latter having the 











FIG. | 


constant v 
parameter: 
(2) La, th 
The shape 
sidered, w. 
best fit cor 

The fina 
is matchec 
prising a p 
precise if 
metrical fo 


and match 
quence fro 
dy, V12., (s 


40 


3.0 


) « 


2.0 


1-031 
0.0418 


( 


Fic. 


obtained fc 
the approx 
refined by 
of L, could 
peak. The 
Fig. 2) car 
crete value 
Actual bla 
In fact, th 
be matche 
values of 

Furthermo 
hormal to 
blacks are 














LETTERS TO 


THEORETICAL 


(1) x0.69 





1.0 it 12 
6 


Fic. 1. Comparison of the observed and theoretical profiles of 
the (11) reflection of Kosmobile 77. 


constant value 0.814. The match is effected by the choice of two 
parameters, (1) D, which largely determines the background, and 
(2) La, the layer dimension, which determines the peak height. 
The shape and breadth of the (11) reflection need not be con- 
sidered, which simplifies the choice of D and Ly. In Fig. 1, the 
best fit corresponded to D=0.31 and La=10 A. 

The final choice of D can be made only after the (002) profile 
is matched. This also determines M, the number of layers com- 
prising a parallel-layer group. The matching process becomes very 
precise if the experimental line shape is converted to the sym- 
metrical form, 





4anA s? at ere >) 
mF? \i-—D}-—s = \I—D/’ 
and matched with the theoretical expression for a diffraction se- 


quence from a group of M layers separated by a mean spacing 
dy, viz., (sin’rMdys)/M sin*xdys. Figure 2 shows the agreement 
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Fic. 2. Comparison of the experimental (002) line profile of 
Kosmobile 77 with the theoretical profile for M =4. 


obtained for Kosmobile 77 using D=0.31 and M=4. In practice, 
the approximate value of D deduced from the (11) profile was 
refined by matching the (002) profile, after which the final choice 
of L, could be made so as to satisfy the overall height of the (11) 
peak. The diffraction ripple in the theoretical (002) profile (see 
Fig. 2) can be removed and a more exact fit achieved if the dis- 
crete value of IM =4 is replaced with a distribution of M values. 
Actual blacks would be expected to conform to such a model. 
In fact, the (002) line shapes of Statex K and Philblack O could 
be matched reasonably well only by proposing mixtures of two 
values of M; M, in Table I represents the weighted average. 
Furthermore, L, is the mean thickness of a parallel-layer group 
normal to the layers, M.dooz. Table I shows that the first three 
blacks are very similar, whereas acetylene black is distinctive in 
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TABLE I. Summary of structural features of four reinforcing carbon blacks. 











Kosmobile Statex Philblack Acetylene 

77 K oO lack 
D 0.31 0.30 0.32 0.08 
dooz (A.)*® 3.60 3.61 3.61 3.48 
Me 4 11/3 10/3 6 
Le (A.) 14.4 13.2 12.0 20.9 
La (A.) 10 13 11 20 

0.69 0.98 0.92 


La/Le 


0.96 








® Due to the experimental arrangement employed, the measured values 
of dooz are not highly accurate in an absolute sense. 


all but one of the parameters measured. All the specimens have 
practically the same shape ratio, L,/L.. 

The authors are indebted to Dr. M. L. Corrin for supplying 
the samples studied. 


* The work discussed herein was performed as part of the research project 
sponsored by the Reconstruction Finance Corporation, Office of Synthetic 
Rubber, in connection with the Government Synthetic Rubber Program. 

t+ Chemical Physics Department. 

t Fellowship on Synthetic Rubber Properties. 
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Formation of Photographic Positives on Strained 
Single Crystals of Silver Chloride* 
HENRY LEIDHEISER, JR. AND FRANCES H. Cook 


Virginia Institute for Scientific Research, Richmond, Virginia 
(Received December 15, 1954) 


URING research! on the photographic properties of single 

crystals of AgCl it was observed that, after exposure of 
machined crystals to light, positive? replication was obtained upon 
photographic development. Similar results were obtained by 
Boissonnas? on crystals of AgBr although Hedges and Mitchell‘ 
reported failure to produce a surface latent image on strained 
sheets of AgBr. Boissonnas’ explanation based on solarization 
seemed convincing until it was found in the studies reported 
herein that repeated use of the same crystal under similar experi- 
mental conditions eventually produced negative replication. 

The following key experiment summarizes the major features 
of the phenomenon. A single crystal of AgCl® was machined in 
reduced light into a sphere with a small shaft. The crystal was 
etched in diluted acid fixer in red light, a strip of black paper was 
placed around the crystal, and it was exposed to a 150 watt pro- 
jector lamp for 2 minutes at a distance of 6 feet. Development was 
carried out in Dektol for 2 seconds, the experiment was repeated 
by etching, exposing, and developing as before. After the first or 
second exposure to light, positives were obtained in the early 
experiments; in later experiments negatives were obtained. The 
onset of negatives coincided with the formation of an undistorted etch 
pattern on the crystal.®.” After several successive negatives were ob- 
tained, the crystal was remachined to a smaller sphere with a 
blunted tool to introduce severe strain to an appreciable depth. 
The crystal was subjected to repeated etching, exposure to light, 
and development; in 8 of 10 successive experiments positives re- 
sulted. Thus a crystal giving negatives was converted to one 
giving positives by machining. 

Nine crystals which gave positives after machining were con- 
verted to the negative type, 2 of them by annealing above 380°C 
and 7 of them by etching off the strained surface layer. 

The results agreed with Boissonnas’ in that the positives were 
obtained on crystals which had been cut from ingots and that 
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negatives could not be obtained on crystals yielding positives 
simply by reducing the amount of light reaching the crystal; at 
very low light intensities no picture was obtained. Within limits, 
the formation of positives or negatives was independent of the 
type of surface exposed; similar results were obtained on crystals 
etched in acid fixer or NaCN solution or polished with 1 percent 
NaCN solution. Positives of low contrast were obtained on crys- 
tals abraded with emery paper in room light, lightly etched in 
the dark, exposed, and developed. 

A crystal machined in red light also underwent the transition 
from yielding positives to yielding negatives with continued use. 
Therefore the exposure to white light need not be during the 
machining in order to obtain positives. Another crystal machined 
in red light yielded repeated negatives after heat treatment 
above 380°C. 

Our hypothesis for the results is as follows. During machining, 
strain is introduced to an appreciable depth into the crystal. 
This strain permits the formation of a deep internal latent image 
upon an exposure to light made either during or subsequent to 
the machining. The photocenters making up the deep latent 
image are not destroyed by the development procedure used and 
only make their presence known in subsequent experiments when 
the surface is etched down to this internal image. The developed 
silver results almost exclusively from photocenters existing in the 
vicinity of the surface. During later exposure to light that part 
of the latent image near the surface which is left over from previous 
light exposures is destroyed by a process analogous to solarization. 

We are grateful to Walter T. Burke who ably assisted in the 
experiments and to Fred B. Hayes whose machining skill was 
invaluable. 

* This research was conducted under Contract No. AF 33(616)323 with 
the United States Air Force, the sponsoring agency being the Aeronautical 
Research Laboratory of the Wright Air Development Command. 

1H. Leidheiser, Jr. and Frances H. Cook, J. Am. Chem. Soc. 76, 617 
(1954). 

2 A positive is defined as one in which the area exposed to light exhibits 
a lower concentration of developed silver upon photographic development 
than the area protected from light. A negative is one in which the area ex- 
posed to light exhibits a higher concentration of developed silver than the 
area protected from light. 

3C, G. Boissonnas, Science et inds. phot. 20, x og (1949); Fundamental 
mechanisms of photographic sensitivity, ed. by J. W. Mitchell (Butterworth 
— Publications, London, 1951), pp. 36-38. 

4 J. M. Hedges and J. W. Mitchell, Phil. ~_. ‘44, 357 (1953). 

5H. C. Kremers, J. Opt. Soc. Am. '37, 337 (1947). 

6 A spherical single crystal exposes all crystal faces at the surface. In the 
case of cubic crystals the (100) face occurs 6 times, the (111) face 8 times, 
the (110) face 12 times, and the minor faces either 24 or 48 times. Since the 
different faces have different etching characteristics there is a pattern 
— as a consequence of the repetition of results on each octant of the 
surface. 

7 It is known from past experience with metallic crystals that the sharp- 


ness of detail in an etch pattern on a spherical crystal is a measure of the 
strain in a machined crystal. 





Light Scattering from Very Long Rod-Like Particles 
and an Application to Polymerized Fibrinogen* 
EpwarpD F. CASASSA 


Depariment of Chemistry, University of Wisconsin, Madison, Wisconsin 
(Received January 10, 1955) 


ITHIN the limits of certain assumptions,!? the intensity 
of light R(#) scattered through an angle 3 by a poly- 
disperse solute is given by 


R(8)=Ke = Mww;iP; (3) (1) 


in the absence of particle-particle interaction, i.e., in sufficiently 
dilute solutions. The symbols bear the customary significance: K 
contains geometrical factors, the frequency of incident light, the 
refractive index of the medium, and the specific refractive index 
increment for the solute (taken as identical for all species) ; V; is 
the molecular weight of the ith solute species and w; is the weight 
fraction; ¢ is the total solute concentration in units of weight/ 
volume. For a dispersion of randomly oriented, thin (compared to 
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the wavelength of light) cylindrical particles, it is well known that 
the angular-distribution function’ for the scattered intensity is 


P (8) =Si(2x)/x— (sinx/x)? 


where x= (27rL/)’) sin(#/2); and L is the length of the particle 
while \’ is the wavelength of light in the medium. Writing the 
integral sine function Si(z) in the form 


siw)=5-f- 5 , 


and observing that the last integral can be expanded in series by 
repeated integration by parts, we can express P(#) as an asymp- 
totic series in powers of 1/x: 


1 
P(d)= =1/2«— 53" i 
Using this expression in Eq. (1) and writing the results in the re- 
ciprocal intensity form we obtain 


Ke _2 2 Mwi/L? 4 sin (3/2) ” 
R(d) (2 Myww;/ Lj)? vz M3w;/L; ‘ ( 


For very long rods the asymptotic behavior of the scattering 
should be observed, and therefore experimental data plotted as 
Kc/R against sin(#/2) should fall on a straight line with slope 
4(\’2M;w;/Li). Since the particle weight for rods of uniform 
thickness is proportional to the length, this slope is independent 
of the length and thus of the distribution of lengths; but it does 
give a weight average value of //L and therefore depends on the 
distribution of rod cross sections. 

In the course of studies of the polymerization and ensuing gela- 
tion of the plasma protein fibrinogen‘ through the action of the 
enzyme thrombin, we have encountered systems conforming very 
closely to Eq. (2). In solutions in glycine buffer with added NaCl 
at pH 9.5 and ionic strength 0.45, gels do not form, provided the 
fibrinogen concentration is not too high; but a rapid increase in 
turbidity shows that very large polymeric aggregates do appear. 
Light scattering data obtained at 25°C, with 4358A light, several 
hours after the addition of thrombin (when no further changes in 
scattering occur) to solutions containing 0.420 and 0.405 g/1 of 
fibrinogen are shown in Fig. 1. The two plots at lower concentra- 
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Fic. 1. Light scattering from 
polymerized fibrinogen at vari- 
ous concentrations: A, 0.114 
g/l; B, 0.210 g/l; C, 0.405 g/l; 
D, 0.420 g/l. Plots B. C, and D 
are displaced upward by 1, 3, 
and 4 units respectively. 
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0) 0.5 10 
tions represent systems prepared by diluting a solution already 
polymerized at 0.420 g/l. The weight averages of M/L obtained 


from the slopes of the lines are listed in Table I. 


TABLE I. Fibrinogen polymers formed at pH 9.5. 








Protein conc., g/l 0.420 0.405 0.210 0.114 
M/L X10-", g/mol cm 1.35 1.37 1,29 1.26 
Cross section, fibrinogen monomer units 2.06 2.10 1.97 1.93 








Taking the molecular weight of monomeric fibrinogen® 4s 
3.40105 and its length as 5.20X10-* cm, we can express the 
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average cross section of the polymer molecule in terms of fibrinogen 
units by comparing M/L for monomer and polymer. The results 
given in Table I are a striking indication that the polymerization 
of fibrinogen, in this instance, involves a lateral dimerization to- 
gether with the longitudinal polymerization of much greater 
extent. Other work,® under rather different conditions, has also 
yielded evidence, though perhaps less directly, of the dimerization 
process. 


* This work was supported by the Office of Naval Research, United 
States Navy, under Contract N7onr-28509. 

1P, Debye, J. Appl. Phys. 15, 338 (1944). 

2B. H. Zimm and W. R. Dandliker, J. Chem. Phys. 58, 644 (1954). 

3Zimm, Stein, and Doty, Polymer Bull. 1, 90 (1945). 

4J. D. Ferry, Proc. Natl. Acad. Sci. 38, 566 (1952). 

5 Katz, Gutfreund, Shulman, and Ferry, J. Am. Chem. Soc. 74, 5706 
(1952). 

6Ferry, Shulman, Gutfreund, and Katz, J. Am. Chem. Soc. 74, 5709 
(1952). 





Effect of Pile Irradiation on Sodium Chlorate 


L. J. SHARMAN AND K. J. McCaLLum 


Department of Chemistry, University of Saskatchewan, 
Saskatoon, Saskatchewan, Canada 


(Received January 10, 1955) 


HE chemical effects following the Cl®"(m,v)Cl®* reaction and 

the Cl35(y,n)Cl# reaction in crystalline sodium chlorate 

have been previously investigated.!? The retention of chlorine 

activity in the form of chlorate ion was found to be small for these 

two reactions, about 2 percent and 9 percent respectively. The 

present note reports an attempt to investigate the effects following 
the Cl*5(7,~)Cl** reaction in the same substance. 

Because of the long half-life of Cl** it was necessary to carry 
out the irradiation using a high flux of thermal neutrons. Re- 
crystallized and dried samples were irradiated in the Harwell 
pile for a period of 24 weeks in a position where the neutron flux 
was reported to be 4X 10"2/cm?/sec. After irradiation, the samples 
were allowed to stand at room temperature for a period of six 
months to permit radioactive decay of short-lived activities. At 
the end of this time, the activity was due mainly to Cl** and S*, 

The samples were analyzed chemically to identify the substances 
present. The percentages of sodium chloride, sodium chlorate, and 
sodium perchlorate are shown in Table I. Less than 0.1 percent of 


TABLE I, 








Ratio of Cl% 
activity /mole 


Molar 
ratio 


Percent C136 
activity 


Weight percent 


Fraction composition 





NaCl 
NaClO; 
NaClO, 


14.50 +0.03 
81.8 +0.2 
3.8 +0.2 


0.33 
1,00 
0.04 


86.5 +3.0 21 o™ 


12.7 +0.3 


1, 
0.5 +0.05 1.1+0.14 








the chlorine was present in compounds with intermediate valence 
states, such as chlorine, chlorine dioxide, chlorite, or hypochlorite. 

The distribution of the Cl** activity between the chloride, 
chlorate, and perchlorate fractions was determined. The fractions 
were separated and the chlorate and perchlorate fractions were 
reduced to chloride. Each fraction was precipitated in the form 
of AgCl for counting. Contaminating S** activity was removed 
by dissolving the precipitates in aqueous ammonia and repre- 
cipitating with nitric acid in the presence of sodium sulfate hold- 
back carrier. The percentages of the total Cl** activity found in 
each fraction are given in Table I. Corrections have been made for 
the thickness of the sample by means of an empirical calibration 
curve. 

It is evident from the analytical results given in Table I that 
considerable decomposition of the sodium chlorate has taken 
place, with a net loss of oxygen from the sample. This decomposi- 
tion is almost certainly due to chemical reactions resulting from 
the intense gamma radiation to which the samples were exposed. 
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Table I also shows the ratio of the activities per mole of the 
three substances present in the irradiated samples. The results 
indicate that under the conditions of this experiment, production 
of Cl** in the chloride form takes place to give a specific activity 
only 21 times greater than the specific activity of the sodium 
chlorate. The apparent retention of the Cl** activity in the form of 
sodium chlorate is 12.7 percent which is larger than the retention 
following the Cl*7(n,7)Cl** or the Cl®*(y,z)Cl* reactions in the 
same compound. The higher value is probably due to the reverse 
of the reaction which produces the large amount of sodium 
chloride under the influence of gamma rays. It has been shown* 
that when bromates are exposed to pile radiation, considerable 
back reaction does take place. 

The Cl** activities per mole of the chlorate and perchlorate frac- 
tions are equal within experimental error. It appears likely that 
the sodium perchlorate is produced during the irradiation from 
direct oxidation of sodium chlorate, rather than by oxidation of 
the sodium chloride. 

We wish to thank the National Research Council of Canada 
for financial assistance, and the Ontario Research Council for a 
scholarship to one of us (L.J.S.). 

1 O. D'Agostino, Gazz. chim. ital. 65, 1071 (1935). 


2K. J. McCallum and O. G. Holmes, Can. J. Chem. 29, 691 (1951). 
3 Boyd, Cobble, and Wexler, J. Am. Chem. Soc. 74, 237 (1952). 





Low-Temperature Specific Heats of Vitreous 
and Crystalline Silica 


M. DANK AND S. W. BARBER 
General Research Division, Owens-Illinois Glass Company, Toledo, Ohio 
(Received December 28, 1954) 


ECENT heat capacity measurements! on vitreous silica and 
cristobalite can be fitted between 5° and 30°K by, 


c(t)-so2) +e ( 
2 


“ i-¥+9 


oft)-ae?) 


_lire he 
__ 


kT 
63 V3 


Vyo-S>— 


“ Oo ve 





where 
, OnlT xerdx 


(#—1) 


On 


Equation (1) is a modification of a function originally proposed by 
Tarassov.?.4 

The function C2(6,/T) represents the heat capacities of idealized 
two-dimensional continua, while C3(6,/T) is the well-known Debye 
function. The characteristic temperature 62 is assumed to corre- 
spond to the maximum, », of a class of frequencies consisting of 
translations normal to the “layer” and rotational oscillation about 
axes n the “layer,’”’ while 63 is assumed to correspond to a maxi- 
mum, v3, in a class of relatively low frequencies which, because of 
interactions between “layers” in real laminar solids, are char- 
acteristic of isotropic solids. The coefficients ? and y* are required 
to make all the terms in Eq. (1) refer to the same volume of ma- 
terial and division by (1—~*+-y*) is required to adjust the func- 
tion to the 3R limit. 

It was found that @2 can be estimated from the temperature 
dependence of the heat capacities of vitreous silica per gram-atom 
between 8° and 20°K which leads to »»~350 cm. This frequency 
is too low to be associated with atom-atom vibration, and at tem- 
peratures above 30°K, calculated heat capacities [using Eq. (1)] 
based on it are considerably higher than observed values. Even 
an assumed mass unit SiO: results in y»x>~200 cm™ and also leads 
for T>30°K to calculated heat capacities larger than those ob- 
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served in spite of known contributions from atom-atom vibrations 
in the experimental values. This situation requires the choice of 
mass units larger than SiO2. It was found that the heat capacity 
of vitreous silica per Si;0s, a mass unit used by Saksena‘ in his 
discussion of quartz, leads to v,=115 and 117 cm™ for samples 
stabilized at 1070° and 1300° respectively, values close to the 
infrared frequency 116 cm™ observed by Barnes® at room tem- 
perature. A similar treatment of the data on cristobalite yields 
v2=113 cm, but there are no spectral data for comparison. 
Values of y for vitreous silica and cristobalite are 0.20 and 0.22, 
respectively. The experimental heat capacities (plotted points) of 
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cristobalite and vitreous silica as functions of T? are compared 
with Eq. (1) (curves) in Fig. 1. Calculations of v2 from slopes of 
the indicated linear regions of the curves yield the above values 
within about 4 cm™. 

Various functions’ similar to Eq. (1) have been derived theo- 
retically for known layer-like solids such as graphite.* These new 
observations on silica, therefore, suggest the existence at low 
temperatures of highly anisotropic structures for cristobalite and 
vitreous silica both of which have been regarded as isotropic on 
the basis of x-ray studies and the macroscopic isotropy of various 
physical properties. Vitreous silica has long been regarded, on the 
basis of x-ray studies,’ as a continuous silicon-oxygen network 
with close-range order no greater than about 8A. The anisotropy 
implied here seems to require more extensive order in accord with 
light scattering’ and electron microscopy® experiments. 

The heat capacity data for quartz revealed no evidence of 
molecular-scale anisotropy. 

A detailed analysis and a new five-decimal place table of cor- 
rected values for C2(@/T) will be submitted shortly for publication 

1E. F. Westrum, Jr., to be published in the Journal of the American 
Chemical Society. 

2V. V. Tarassov, Zhur. Fiz. Khim. XXIV, 111 (1950). 

3W. DeSorbo, Acta Metallurgica 2, 274 (1954). 

4B. D. Saksena, Proc. Indian Acad. Sci. 12A, 93 (1950). 

5 R. B. Barnes, Phys. Rev. 39, 562 (1932). 

6 J. A. Krumhansl and H. Brooks, J. Chem. Phys. 21, 1663 (1953). 

7B. E. Warren and J. Biscoe, J. Am. Cer. Soc. 21, 49 (1938). 


8 P, Debye and A. M. Bueche, J. Appl. Phys. 20, 518 (1949). 
9A. F. Prebus and J. W. Michener, Ind. Eng. Chem. 46, 147 (1954). 
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Lowest Singlet Excited Levels of Naphthalene 


Cart M. Moser, Pavillon Pasteur, Institut du Radium, 11 rue P. Curie, 
Paris V, France 


AND 


ROLAND LEFEBVRE, Centre de Chimie Théorique, 155 Rue de S2vres, 
Paris XV, France 


(Received December 10, 1954) 


HERE has recently been considerable interest in the polar- 
ization of the lowest singlet electronic levels of naphthalene 
both from the experimental and theoretical point of view.!~7 We 
have been interested in the problem for some time and briefly 
report our findings here. ; 

Our calculations have been based on the usual “-approxima- 
tion,” and the method of evaluating the molecular integrals is 
very similar to that suggested by Pariser and Parr.* We have 
considered only a limited amount of configuration interaction, 
taking into account the two lowest configurations in each of the 
classes 1B;, and 'B2,. With this restriction, when using cyclic 
orbitals there is an easy, direct relationship with the configurations 
built to resemble the benzene configurations. 

As starting orbitals for the calculations the usual Hiickel 
orbitals, cyclic orbitals, and SCF orbitals,? which are pertinent to 
the procedure of evaluating the integrals have been used. In each 
case the first transition has been found to be polarized along the 
long axis of the molecule ('Bi,) and the second transition along 
the short axis of the molecule ('B2,). It is of particular interest to 
note that this limited amount of configuration interaction pro- 
vides for a considerable diminution of the calculated value of the 
intensity of the first transition as compared to the value of the 
intensity calculated from individual configurations built on 
Hiickel-like orbitals. There appears to be very clear further evi- 
dence that in ad hoc interpretation of electronic spectra one cannot 
assume that a very weak transition is necessarily forbidden. 

This method for the explicit evaluation of integrals gives the 
opportunity to follow the ideas on the modifications of semi- 
empirical calculations recently suggested by Dewar and Longuet- 
Higgins’ and by Moffitt.® 

When following the outline given by Dewar and Longuet- 
Higgins’ there is no essential difference in the mixing of the con- 
figurations of symmetry 'B,, and 'B2,. Nothing appears in these 
calculations that would enable one to distinguish “first-order” 
and “second-order’’ configuration interaction. 

The procedure of Moffitt® has been followed in which configura- 
tions from complex orbitals are built to resemble the benzene 
configurations. 

The interaction of the configuration that would be zero if 
naphthalene were a truly cyclic molecule has been calculated. It 
will be well, perhaps, to recall here that if there is no mixing of 
these configurations it would imply an exact 50-50 mixing of the 
configurations built on real cyclic orbitals. 

The results are in substantial qualitative agreement with those 
of Moffitt. Mixing is brought about by one electron core integrals 
and two electron repulsion integrals, and is more important in 
the !B2, than in the 'B:, case. The single configurations built to 
resemble benzene are nonetheless considerably better than those 
built on Hiickel-like orbitals. 

The details of these calculations will be published elsewhere in 
due course. 

One of us (C.M.) wishes to acknowledge the receipt of a U. S. 
Public Health Service Fellowship. 

1D. P. Craig and L. E. Lyons, J. Chem. Phys. 20, 1499 (1952). 

2 R,. Passerini and I. G. Ross, J. Chem. Phys. 22, 1012 (1954). 

3D. S. McClure, J. Chem. Phys. 22, 1668 (1954). 

4C. A. Coulson, Proc. Phys. Soc. (London) 60, 257 (1948). 

5 J. R. Platt, J. Chem. Phys. 17, 484 (1949). 

6W. Moffitt, J. Chem. Phys. 22, 320 (1954). 

7M. J. S. Dewar and H. C. Longuet-Higgins, Proc. Phys. Soc. (London) 
A67, 795 (1954). 

8 R. Pariser and R. Parr, J. Chem. Phys. 21, 466, 767 (1953). 


( + eel (to be published) [see J. Pople Trans. Faraday Soc. 49, 1375 
1953) ]. 
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Microwave Spectrum of Ethyl Bromide 
R. S. WAGNER, N. SOLIMENE, AND B. P. DAILEy 


Department of Chemistry, Columbia University, New York 27, New York 
(Received January 10, 1955) 


EVERAL rotational transitions for C2H;Br” and C2H;Br* 

have been observed and identified which yield exact values of 

B and C for both species, as well as an estimate of eqQ along the 
C—Br bond axis. 

Ethyl bromide is a nearly prolate rotor (K = —0.98) with the 
dipole moment having components along the A and B principle 
axes. Although the bromine nucleus has a rather large quadrupole 
moment, it has been found possible to unravel the observed quad- 
rupole hyperfine structure using equations derived from first- 
order perturbation theory, for those transitions listed in Table I. 


TABLE I. 








CeHsBr”9 
Undisplaced 
frequency 


CeH3Br8l 
Undisplaced 


Transition frequency 





21 557.2 Mc 
21 981.1 Mec 
21 989.7 Mc 
21 972.6 Mc 


21 434.1 Mc 
21 853.3 Mc 
21 862.0 Mc 


212-313 
221-322 
220-321 
202-303 





A least-squares analysis was made with the data, and the internal 
fit of observed to calculated frequencies of the hyperfine structure 
was better than 0.1 Mc. 

From these frequencies we have determined that for C2H;Br” 
B=3804.82 Mc and C=3522.21 Mc. For C:H;Br*! B=3781.92 
Mc, and C=3502.50 Mc. If we assume that the structural pa- 
rameters for the molecule are C—C 1.5508A, C—Br 1.940A, 
C-—C—Br 110°30’, C—H 1.03A, C-C—H 109°28’, (—CH; end), 
and H—C—H 110°48’ (CH:Br end) then B=3810 Mc and 
C=3525 Mc for C2H;Br” and for C2H;Br*! B=3788 Mc and 
C=3502 Mc. No attempt has been made to obtain a closer fit in 
the rotational constants since we do not yet have enough rota- 
tional constants to completely determine the structure. 

The quadrupole coupling constant along the A axis, which is 
the approximate symmetry axis, derived from the hyperfine 
structure is 410 Mc for C2H;Br™ and 346 Mc for C2H;Br*®. From 
our assumed model, we estimate that eqQ along the bond axis is 
530 Mc and 447 Mc respectively. 

The reported values for the quadrupole coupling constants in 
the solid state are 497 Mc and 415 Mc for the Br” and Br* species 
tespectively.! There is therefore a 7 percent increase in ionic char- 
acter of the C—Br bond in going from the gaseous to the solid 
state. 

The reported values? for the quadrupole coupling constant of 
Br in CH3Br is 577.3 Mc for CH;Br” and 482.4 Mc for CH;Br®, 
indicating an increase in ionic character with increasing chain 
length for the bromine series similar to that found in the chloride 
series.2 For solid methyl bromide,‘ eq@Q is 528.9 Mc in CH;Br” 
and 441.8 Mc in CH;Br*. This indicates an 8 percent change in 
ionic character in going from the gaseous to the solid state in 
methyl bromide. 

An estimate of the “ionicity” of the C—Br bond in ethyl 
bromide can be made using the method of Townes and Dailey.® 
Assuming that the s character of the bond is 15 percent, the ion- 
icity is determined to be 19 percent. For ethyl chloride a similar 
calculation gives the value of the ionicity as 26 percent. 
_Tentative assignment has been made of the rotational transi- 
tions of the molecule in the first excited state of torsional oscilla- 
uon. From rough-intensity ratio measurements a torsional fre- 
quency of 202 cm is assigned to C2H;Br”. No previous assign- 
ment of a torsional frequency for the molecule has been made, or 
a barrier height reported. From our assumed structure, a reduced 
moment of inertia of 5.11 10~ g cm? is calculated, and a sinusoi- 
dal barrier height of 2800 cal/mole. 
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Further work on the deuterated samples should allow a more 
accurate determination of the molecular parameters, furnishing 
more accurate values for the quadrupole coupling constant and the 
barrier height. 


' 1 Kojima, Tsukada, Ogawa, and Shimauchi, J. Chem. Phys. 21, 1415-16 
1953). 

2A. H. Sharbaugh and J. Mattern, Phys. Rev. 75, 1102 (1949). 

3R. S. Wagner and B. P. Dailey, J. Chem. Phys. 22, 1459 (1954). 

4H. G. Dehmelt and H. Kriiger, Z. Physik 129, 480 (1951). 

5 B. P. Dailey and C. H. Townes, J. Chem. Phys. (to be published). 





High-Energy Secondary Electrons 
B. L. MILLER*t 


Bartol Research Foundation, Swarthmore, Pennsylvania 
(Received December 10, 1954) 


N the paper of Saldick and Allen! appears a figure showing the 
yield of high-energy secondary (HES) electrons from solid 
targets bombarded by high energy electrons. The yield of HES 
electrons was plotted versus atomic number, Z, of the target for 
2 Mev and 0.3 Mev primaries (latter data from Trump and 
Van de Graaf*). These graphs showed the yield to be linearly 
proportional to Z. In a recent letter, Saldick and Allen*® report 
further measurements in the region of low Z (less than 15) which 
show an upward curvature of the yield versus Z plot in the low Z 
region. 
Secondary emission studies on solid targets have also been 
carried out at the Bartol Research Foundation. The data on HES 
electron emission versus Z is shown in Fig. 1. A downward trend 
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Fic. 1. High-energy secondary electron emission caused by 
high-energy primary electrons. 


away from the proportional to Z relationship is indicated in these 
data. This seems consistent with the effect of nuclear shielding on 
the multiple scattering of the primary beam. The root mean 
square angle of scattering? is theoretically proportional to Z (InLE/ 
E,Z*/*})t=Z (InE/E)—4/3 InZ)?, where E=}mv? (classically the 
kinetic energy of the electrons) and E)=27 electron volts. It is 
evident the variation of the logarithm Z term is more effective in 


producing deviation from proportionality to Z when the primary 
kinetic energy is low. Such a tendency is exhibited in the figure, 
since the 20-kilovolt curve shows the greatest deviation from the 
proportional to Z relationship. 


* Now at Saint Joseph’s College, Philadelphia 31, Pennsylvania. 
+ Assisted by the joint program of the Office of Naval Research and the 


U. S. Atomic Energy Commission. 


1 J. Saldick and A. O. Allen, J. Chem. Phys. 22, 438 (1953). 

2 J. G. Trump and R. W. Van de Graaf, Phys. Rev. 75, 44 (1949). 
3 J. Saldick and A. O. Allen, J. Chem. Phys. 22, 1777 (1954). 

4E. Fermi, Nuclear Physics (University of Chicago Press), p. 37. 








Observed n— x* Bands in the Ultraviolet Absorption 


Solution Spectra of Amino Asymmetric Triazines 


R. C. Hirt anv R. G. ScuMITT 


Stamford Research Laboratories, American Cyanamid Company, 
Stamford, Connecticut 


(Received January 14, 1955) 


HE presence of two neighboring (vicinal) nitrogen atoms in 
the conjugated six-member ring of asymmetric (1,2,4) 
triazine might be expected to shift the lowest nonbonding nitrogen 
electron transition (7 — *) to lower wave numbers (kaysers) by 
by comparison to symmetric (1,3,5) triazine. This effect is noted 
in the comparison of vicinal diazine (pyridazine) to asymmetric 
and symmetric diazine (pyrimidine, pyrazine),! and in the posi- 
tion of the »— x* band at 18000 K (557 my) for symmetric 
(1,2,4,5) tetrazine.2 The preparation of two relatively simple 
derivatives of as-triazine by Erickson* has made available samples 
for testing this expectation. Bands attributed to » — x* transi- 
tions have been observed for s-triazine and some of its simple 
derivatives,t though not for the amino derivatives® where these 
bands are apparently obscured by the first * — x* band. Although 
Erickson’s derivatives of as-triazine contained amino groups, it 
was hoped that the effect of the vicinal hetero atoms in shifting 
the n — x* band toward the red would more than counteract the 
effect of the amino group which would shift this transition toward 
the blue, and thus permit the n — x* band to be observable to 
the red side of the x — x*. 


TABLE I. Observed bands of 3-amino-as-triazine. 








Wave number 





Band origin Solvent (K) € 
n — x* 24 400 249 
24 780 488 
cyclohexane = ce oa 
26 600 400 
27 030 340 
acetonitrile 26 320 540 
ethanol 27 030 764 
water 28 600S* 1313 
1st r — 1* cyclohexane 32 260 2790 
acetonitrile 31 750 2890 
ethanol 30 860 3360 
water 31 060 3000 
2nd x — x* cyclohexane 45 455 9630 
acetonitrile 44 250 14 750 
ethanol 43 860 10 670 
water 44 250 15 320 








* S—shoulder. 


TABLE II. Observed bands of 2-amino-5,6-dimethyl-as-triazine. 








Wave number 





Band origin Solvent (K) € 

n — 1* cyclohexane 26 670 764 
acetonitrile 27 400S* 460 
ethanol 28 200S ? 
water 29 000S ? 

ist r — x* cyclohexane 32 160 4695 
acetonitrile 31 750 2530 
ethanol 31 060 2765 
water 31 550 3590 

2nd x > x* cyclohexane 44 250 12 250 
acetonitrile 43 860 10 250 
ethanol 43 670 12 700 
water 44 250 11 380 








*® S—shoulder. 


The observed bands are summarized in Tables I and II, and 
shown in Figs. 1 and 2. A Cary spectrophotometer, Model 11, was 
used throughout. 

The lowest wave-number band in both compounds shows an 
unmistakable “blue-shift” in going from cyclohexane to water in 
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the more-polar-solvent sequence described by McConnell.* This 
shift, along with the low intensity of the band and the rapid loss 
of vibrational structure in the solvent sequence, shows the band 
to have an ” — x* origin. Comparison of this band between the 
two compounds shows the dimethyl derivative to absorb at higher 
wave number than the monamino derivative; this is consistent 
with the “blue-shift” caused by alkyl substitution. 
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Fic. 1. 3-Amino-as-triazine: in cyclohexane , in acetonitrile ------ : 
in 95 percent ethanol — --—--—- , in water —-—--—--- : 
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Fic. 2. 3-Amino-5,6-dimethyl-as-triazine: in cyclohexane , in aceto- 
nitrile ----+-- , in 95 percent ethanol — ---—-— , in water ------- ; 


The second and third}bands, in order of increasing wave 
number, have high intensities and show small “red-shifts” in 
both the solvent and substitutional effects; they are logically 
assigned to the first and second x — x* transitions, analogous to 
similar bands in the diazines and s-triazines. 

These data and assignments indicate that the lowest n— 7 
transition of as-triazine (when prepared) will be encountered at 
considerably lower wave number than that of s-triazine.* 


« 


1F, Halverson and R. C. Hirt, J. Chem. Phys. 19, 711 (1951). 
2 Lin, Lieber, and Horwitz, J. Am. Chem. Soc. 76, 427 (1954). 

3 J. G. Erickson, J. Am. Chem. Soc. 74, 4706 (1952). 

4 Hirt, Halverson, and Schmitt, J. Chem. Phys. 22, 1148 (1954). 
5R. C. Hirt and D. J. Salley, J. Chem. Phys. 21, 1181 (1953). 
6H. McConnell, J. Chem. Phys. 20, 700 (1952). 





Infrared Spectrum and Structure of Collagen 
G. N. RAMACHANDRAN 


Department of Physics, University of Madras, Guindy, Madras 25, India 
(Received January 10, 1955) 


I N arecent issue of this journal, Sutherland, Tanner, and Wood! 
have presented new data on the dichrosim of infrared bands 
of collagen and have shown that the model proposed by Crick? 1s 
incompatible with the observed dichroism. The purpose of this 
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note is to point out that the data of Sutherland e¢ al. are in good 
agreement with what might be expected from the structure of 
Ramachandran and Kartha.’ Table I gives the nature of the 
observed dichroism, the angle made by the appropriate vibration 
direction with the fiber axis in the above structure, and the di- 


TABLE I. 








Fre- — Angle made 
quency Description of with fiber 
in cm! vibration axis 


Predicted 
dichroism 


Observed 
dichroism 





CO stretching 84° 
NH stretching 85° 
NH deformation in 41°,45° 
plane+CN stretch 

NH deformation 52° 
out of plane 


1 (strong) - 
ea 
|| (weak) 


1 (strong) 
|| (weak) 


1 (weak) 


? < 
1550+3300 cm=! ? _ 


1 (weak) 








chroism to be expected on this basis. The angles have been calcu- 
lated for a helix slightly different from that described earlier by 
Ramachandran and Kartha, namely containing 10 amino-acid 
residues in 3 turns, which is in better agreement with the x-ray 
data.‘ It is seen from the table that this structure agrees well with 
the observed infrared data. 

1Sutherland, Tanner, and Wood, J. Chem. Phys. 22, 1621 (1954). 

2F. H. C. Crick, J. Chem. Phys. 22, 347 (1954). 

3G. N. Ramachandran and G. Kartha, Nature 174, 269 (1954). 


oa Ramachandran and G. K. Ambady, Current Sci. (India) 23, 349 
(1954). 





Microwave Spectrum of s-trans Acrolein* 


J. Fine, J.-H. GoipstEern, AND J. W. SIMMONS 
Emory University, Emory University, Georgia 
(Received December 30, 1954) 


N a recent electron diffraction study of acrolein, Mackle and 
Sutton reported the coexistence of s-trans and s-cis isomers, in 
a proportion of between 3:1 and 6:1 at 35°C.! Dipole moment 
studies also indicate a preponderance of the s-trans isomer.? The 
ease with which the isomeric rotational spectra may be dis- 
tinguished suggested the advisability of a microwave investiga- 
tion of acrolein. Using the structural data of Mackle and Sutton, 
and assuming rigid rotor behavior, the J=1— 2, J=2 — 3, and 
J=3-— 4 groups of transitions of s-frans acrolein were predicted 
to occur in the 17-40 Kmc region. This spectrum has been found 
as expected and its analysis and intensity support the suggested 
structure and the predominance of the s-trans isomer. This note 
isa preliminary report of our results in this investigation. 
The sample of acrolein used was Eastman white label material 
not further purified. The spectrograph was of the usual square- 


TABLE I. Microwave spectrum of s-trans acrolein. 








Calculated 
frequency, 
Mc/sec* 


Observed 
frequency, 


Transition Mc/sec 





18221.01 
26079.47 
26694.37 
27329.62 
35578.42 
36435.94 
18258.23 
26165.87 
26765.43 
27385.45 
18289.86 
26237.28 
26824.88 
27432.89 


18221.08 
26079.47 
26694.37 
27329.62 
35577.67 
36436.03 
18258.18 
26165.87 
26765.43 
27385.45 
18289.64 
26237.28 
26824.88 
27432.89 


lio + 211 
212 > 313 
202 — 303 
21 > 312 
303 — 404 
312 — 413 
lio > 211 
212 + 313 
202 — 303 
211 > 312 
lio > 211 
212 > 313 
202 — 303 
21 > 312 








* Based on the constants given in Table II. 
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wave modulated type, with a WWV-monitored frequency stand- 
ard. The observed spectrum and assignments are given in Table I. 

The tentative assignments of the ground state lines, based on 
preliminary calculations and the appearance of the lines, was 
verified by the final fitting. Each line was accompanied by a sys- 
tem of satellites, which are tentatively assigned to excited tor- 
sional states because of their similarity to the principal lines and 
the relative intensities within the system. Up to four satellites 
were observed in some cases, but only the first two satellite 
spectra have been measured and analyzed. These are designated 
v=1 and v=2 in Table I. The mean deviation for all lines is 0.10 
Mc/sec or better. The rotational constants were calculated in the 
rigid rotor approximation from the J=2 — 3 frequencies for all 
three states. These values are listed in Table IT. 


TABLE II. Rotational constants of s-trans acrolein. 








State b, Mc/sec 


Gnd. 4659.43 +0.01 
v=1 4666.19 +0.02 
v=2 4672.10 +0.02 


c, Mc/sec ri) 


4242.71 +0.01 0.009600 +0.000050 
4259.66 +0.02 0.009893 +0.000100 
4273.56 +0.02 0.010065 +0.000100 











The moments of inertia for the ground state, as calculated from 
the constants of Table II are: 10.61, 108.46, and 119.12 AMU-A?, 
with a planarity defect of only 0.05 AMU-A?. For purposes of 
comparison, moments have also been computed using the follow- 
ing values, taken from Mackle and Sutton': C:—O=1.21A, 
Ci—C2=1.46A, Co—C3;=1.36A, C—H=1.08A, and the angles 
C2Ci0 and C;C2C; both 123°. The results of this calculation are 
10.35, 109.48, and 119.83 AMU-A?. 

The above results indicate that the spectrum observed is that 
of s-trans acrolein. Quantitative Stark effect studies are in progress 
on the ground state of the s-trans isomer in order to determine its 
dipole moment. The results of this, and other phases of our in- 
vestigation of acrolein, will be reported in detail later. 

* This work was sponsored by the Office of Ordnance Research, U. S. 
Army. 


1H. Mackle and L. E. Sutton, Trans. Faraday Soc. 47, 691 (1951). 
2 Bentley, Everard, Marsden, and Sutton, J. Chem. Soc., 1949 2957 





Note on the Fundamental Law of Diffusion 
J. D. BABBITT 


Canadian Scientific Liaison Office, Washington, D. C. 
(Received October 15, 1954) 


HE solution of problems of diffusion has invariably been 
based in the past on the use of Fick’s law. If, however, dif- 
fusion is approached by the methods of “irreversible” thermo- 
dynamics or if (as was done by Maxwell) the fundamental law of 
diffusion is derived from elementary hydrodynamics, diffusion is 
found to be primarily dependent on the gradient of a potential 
function, such as the chemical potential or the pressure, and is 
proportional to the concentration gradient only when conditions 
are ideal. For some time I have been convinced that the general 
acceptance of Fick’s law arises from a belief that this law is a 
consequence of the kinetic theory of gases. If this belief were true 
it would mean that the findings of kinetic theory were not con- 
sistent with those of dynamics. I believe, therefore, that it is worth- 
while to point out that although the kinetic theory does give an 
expression for the coefficient of diffusion in terms of kinetic quan- 
tities it does not in itself furnish a proof of the fundamental law; 
from its nature such a law must have the characteristics of an 
equation of transport and can be derived only from dynamical 
arguments. 
In the kinetic approach to diffusion an expression for the net 
mass transfer across a plane is obtained by comparing the number 
of molecules crossing the plane from the two sides. To obtain an 








estimate of the number of molecules crossing in either direction it 
is necessary to make assumptions about the concentration gradi- 
ent. By elementary principles of continuity, the gradient estab- 
lished in a fluid in a steady state of flow is dependent on the law 
governing that flow and, therefore, any assumption of a gradient 
is an assumption of a law. In the elementary kinetic derivation, 
the assumption is made that the concentration gradient is con- 
stant; such an assumption requires that the mass transfer be 
linearly related to the gradient and this, of course, is simply 
Fick’s law. It is not legitimate, therefore, to say that the deriva- 
tion is a proof of Fick’s law since the law has already been assumed. 
The assumption of a constant gradient is justified for the perfect 
gases treated by the simple kinetic theory but the implications 
of the derivation are never pointed out in text books and students 
are left with the belief that it is possible to derive Fick’s law from 
kinetic theory. In consequence, Fick’s law is endowed with all 
the prestige and the authority of that theory. 

Fick’s law, like Ohm’s and Fourier’s laws, was originally em- 
pirical but Maxwell was able to do for Fick’s law what he was 
never able to do for Ohm’s law, namely, to show that the law was 
a consequence of elementary dynamical principles. Starting with 
the Stokes-Navier equation of hydrodynamics, Maxwell derived 
an expression for the interdiffusion of two gases.’ This derivation 
shows explicitly that Fick’s law is valid only when the gases obey 
Boyle’s law. 

The hydrodynamical approach to diffusion indicates that the 
fundamental law should be stated in terms of a pressure gradient 
whereas the work jin irreversible thermodynamics assumes the 
chemical potential to be the operative force for diffusion.? Since 
pressure and chemical potential are closely related thermo- 
dynamically, these views are not inconsistent and in a recent 
paper® I have indicated the relation between the gradients of 
pressure and chemical potential. Both hydrodynamics and thermo- 
dynamics, however, show the limitations of Fick’s law and ex- 
plain why it has been necessary, in order to permit the wide use 
to Fick’s law, to assume that the coefficient of diffusion is not a 
constant but is dependent on concentration. 

1J. Clerk Maxwell, Scientific Papers (Cambridge University Press, 
Cambridge, England, 1890), Vol. II, p. 629. 
2See, for instance, K. G. Denbigh, The Thermodynamics of the Steady 


State (Methuen and Company, Ltd., London, 1951). 
3 J. D. Babbitt, Can. J. Phys. 29, 427-436 (1951). 





Zero-Point Energy of Monatomic Crystals 


W. C. DEMARcusS 


Carbide and Carbon Chemicals Company, P. O. Box P, Oak Ridge, Tennessee 
and Yale University Observatory, New Haven, Connecticul* 


(Received January 12, 1955) 


N estimating the Debye temperature or zero-point energy of 
crystalline solids, many workers have had recourse to the 
calculation of the frequencies of vibration each atom would 
undergo if all remaining atoms were fixed at their equilibrium 
positions. It does not seem to be generally recognized that this 
calculation can be put on the same footing as Hartree’s equations. 
Given the crystal Hamiltonian for NV particles 
we 4 3 oN 
“7 wi SD Cii*xikx;, 

k=1 ij=1 kl=1 
if one asks for the best ground-state wave function which is a 

product of “one atom” wave functions 


W(x1',° + + x3%) = Mv (x1*,x2*,x3*). 


An easy variational calculation as in the derivation of the Hartree 
equations! shows that each y; satisfies an equation of the form 


h2 3 
~< Stet D Cikj*xi*xi a= eae 
Mk 


tj=1 
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which is the Schrédinger problem for the kth atom in the po- 
tential arising when all others are at their equilibrium positions, 
The total energy corresponding to the best factored wave function 
is simply 


E=2 e. 


The solution of these equations yields a frequency spectrum 
(in certain cases, it degenerates to a single frequency) which has 
the correct second moment as one can see from the fact that the 
elements on the principle diagonal of the Born-von Ka4rman 
matrices for the exact problem are carried unchanged into the 
one atom problem. The true zero-point energy is proportional to 
the first moment of the correct frequency spectrum. A good ap- 
proximation to the first moment can be obtained by using the 
identity 


= +03, 


where o? is the variance of the frequency spectrum and the bars 
denote averaging over the frequency spectrum. The correction 
due to o? is small and we may estimate it by use of the Debye 
spectrum for which 


Therefore, 
p=0.96825[5? ]}?. 


It is of some interest that this estimate agrees exactly with the 
©.. approximation for zero-point energy recommended by Domb 
and Salter? who were led to it along entirely different lines. The 
correlation energy in three-dimensional crystals amounts, there- 
fore, to ~3.2 percent of the total. For two or one dimensions the 
correction for the correlation energy is a larger fraction of the 
total. 

It is worth remarking that this approach may be extended to 
“two-atom,” “three-atom,” etc., wave functions without difficulty 
as long as the potential energy is a quadratic form. 

* Work supported by National Science Foundation. 

1F, Seitz, Modern Theory of Solids (McGraw-Hill Book Company, Inc., 


New York, 1940), p. 677. 
2C, Domb and L. Salter, Phil. Mag. 43, 1083 (1952). 





Reaction between Nitric and Nitrous Oxide 


FREDERICK KAUFMAN AND JOHN R. KELSO 
Ballistic Research Laboratories, Aberdeen Proving Ground, Maryland 
(Received January 5, 1955) 


HE catalytic effect of nitric oxide in the decomposition of 
nitrous oxide was first studied by Musgrave and Hinshel- 
wood! who measured halftimes of reaction for 100 to 200 mm Hg 
of N;O in the presence or absence of 100 to 400 mm Hg of NO 
over the temperature range 973 to 1033°K. They reported the 
reaction to be of first order in each of the reactant gases and found 
a value of 62.5 kcal for the activation energy, 
d logk 

é. 

T 
This high value led to a pre-exponential factor of about 5X10" 
cc mole sec™}. 

As this reaction is of importance in the uncatalyzed decom- 
position of nitrous oxide as well, it seemed advisable to rein- 
vestigate it briefly. Measurements were confined to the early 
stages of decomposition over the temperature range of 924 to 
1028°K. Some results were obtained by measuring the rate of 
pressure rise, but more accurate rate data were obtained by spec- 
trophotometric analysis of the oxygen formed in the reaction. 
Details of this method and of the apparatus, preparation of ma- 
terials, and kinetic runs will be found in another paper.’ 
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The order of reaction was checked at all temperatures over an 
eightfold change of concentration of each reactant. The reaction 
was found to be accurately first order in NO and in N2O. An ex- 
ample is shown in Table I. 


TABLE I. Determination of order in N2O. 








T =924°K pno=100 mm Hg t=30 sec 
PN, pox, mm Hg Apo2 





y _ 2 
mm Hg Total n20 blank A PN20 x10 
25 0.491 0.059 0.432 1.728 
50 1.024 0.164 0.860 1.720 
100 2.224 0.460 1.764 1.764 
200 4.70 1.29 3.51 1.755 








The last column shows that the amount of oxygen formed in 
excess of that produced by N,O alone is accurately proportional 
to the N2O pressure. The order in NO was obtained by plotting 
1/tXlog{ [N20 }o/[N20]:} vs pro at constant pn2.0. These plots 
were linear in all cases and their slopes are the rate constants, k’, 
of the catalytic reaction. They are listed in Table II. 


TABLE II. NO—N20O rate constants. 








Temperature, °K 
924 970 1028 





k’, cc mole! sec 355+10 1410+30 6000 +150 








Similar results were obtained from measurements of the rate 
of pressure rise. The activation energy now turns out to be 50 
kcal. With this lower value, the reaction need no longer be con- 
sidered anomalous. The resulting value of 2.510" cc mole sec! 
for the pre-exponentidl factor is entirely normal. For the sake of 
comparison, the simple collision frequency between NO and N2O 
at 970°K, assuming ono=3.6A and on.0=4.6A is 3.4X10" mole 
cc! sec at unit concentrations. This confirms our view, expressed 
elsewhere,? that the importance of the NO catalyzed decomposition 
decreases with increasing temperature, since the activation energy 
of the uncatalyzed reaction is greater than 50 kcal. 

1F. F. Musgrave and C. N. Hinshelwood, Proc. Roy. Soc. (London) 


A135, 23 (1932). 
?F, Kaufman and J. R. Kelso (to be published). 





Derivation of an Internuclear Potential Function 
from a Quantum Mechanical Model 


Evuis R. Lippincott 
Department of Chemistry, Kansas State College, Manhattan, Kansas 
(Received December 28, 1954) 


N a previous paper a general relation between potential energy 
and internuclear distance was proposed having the form! 


E(R)=D.(1—exp(—nAR?/2R)), (1) 
where D, is the dissociation energy, R is the internuclear dis- 


tance, ARR= R—R,, and n=k,R,/D,. Also n was evaluated by the 
empirical relation 


n=no(I/To)a*(I/Io) st cm, (2) 


where 2 is a constant and (I/Io)a and (I/Io)g are the ionization 
potentials of atoms A and B, respectively, relative to those of the 
Corresponding atoms in the same row and first column of the 
Periodic table. Here it will be shown that the function (1) and 
empirical relation (2) may be derived from a simple quantuin 
mechanical model through the use of perturbed delta functions. 
Delta functions have been previously applied to a number of 
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electron problems.?~ Frost has recently formulated a delta-func- 
tion model for the electronic energies of molecules,® but he gave 
no effective means of allowing for interelectronic and internuclear 
repulsion. 

The model that is proposed here is different from the one used 
by Frost in that bond formation is considered to be the result of 
the shifting of two atomic delta functions into a molecular delta 
ager For the problem of the H2* ion we use the delta function 

V = —g[6(x— (R+a)/2)+6((R+a)/2)+x] where x is the inde- 
pendent variable along the internuclear axis and a is a function 
of R representing the perturbation or shift of the delta function 
due to internuclear repulsion. To estimate a it is assumed that 
a=f(1/R). An expansion in a power series gives a=d9+a:/R 


+--+. From the solution of the Schrédinger equation, one ob- 
tains for the ground state: 

E= (—gtm/2W)[1 ees P, (3) 
and 


c= (mg/h®)[1+e-e (av RtR) 


If one chooses the equilibrium bond length for the zero of energy, 
and omits e~*¢[(¢/2)+®] because it is small when compared to 
e~¢l(a1/R) +R] and evaluates a; from the condition (dE/dR)R=R,=0, 
Eq. (3) becomes identical with the potential function (1), where 


= (e4m/2h?)e“("Retcao) and n=2c. (5) 


mg/h. (4) 


The quantity g has been assigned a value of é? as is done with the 
H atom problem. ? 

This model is readily extended to two electron systems and for 
the H: molecule solution of the problem for the ground state 
again gives Eqs. (3) and (4) from which again we arrive at the 
potential function (1). In this case 

= (e4m/h®)e—("Retean) with n=2)'me*/h?. (6) 
The calculated and observed values of , De, ke, and xe for H2* 
and H: are given in Table I. 


TABLE I. Calculated and observed properties of Hz and He* molecules. 














H2* He 
calc obs cale obs 
n-10-8 (cm7) 3.78 3.72 5.345 5.60 
De (kcal/mole) (from 63.2 64.3 114.3 109.5 
De =keRe/n) 
ke-1075 1.59 1.57 5.48 5.73 
XeWe 55.3 62. 113.5 117.9 








To use the two-electron model for polyelectronic systems, 
having intershells of electrons, one must allow for interelectronic 
repulsion. By using convenient assumptions, Eq. (1) again follows 
with 

= 27 (1 + e~e40!)2¢—(captnRe) (7) 
and 
n= (me*/h?) (1+-6-©0") (I/T)23. (8) 


On comparing with (2) one has mo= (2)4m(e?/h?) (1+-e-°0’). The 
factor (1+e7°%0’) represents the effect of electron repulsion and 
varies only slightly for a wide range of molecules and has a value 
of 1.15--0.05. A single value of mo should then hold for most 
bonds. The calculated value of mo is 6.15-10® while the average 
observed value for most diatomic and polyatomic molecules of 
the fourth, fifth, sixth, and seventh columns of the periodic table 
is 6.32-108 cm™. For heteronuclear bonds J/J» must be replaced 
by (Ia+Iz)/(1a+I)o0 which, when J, and Jz are nearly equal, 
is (I/Io)a*(I/Io)z* making (8) identical with Eq. (2). 

1E. R. Lippincott, J. Chem. Phys. 21, 2070 (1953); E. R. Lippincott 
and . ——_— J. Chem. Phys. (to be published). 


L. Kronig and W. G. Penney, Proc. Roy. Soc. (London) A130, 499 
(1931). 


3K. Rudenberg and R. G. Parr, J. Chem. Phys. 19, 1268 (1951). 
4 Fukui, Nagata, and Yonezawa, J. Chem. Phys. 21, 1861 (1953). 
5 A. Frost, J. Chem. Phys. 22, 1613 (1954). 
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Radiation Chemistry of Aqueous Benzene Solutions 


J. H. BAXENDAEL AND D. SMITHIES 
Chemistry Department, The University, Manchester, England 
(Received November 9, 1954) 


HE yields of phenol, diphenyl, and hydrogen peroxide pro- 

duced by 190 KV x-rays on aqueous benzene solutions have 

been measured. Phenol, diphenyl, and peroxide were determined 
by methods described elsewhere.!? 

In aerated neutral solution the yields per 100 ev (G) are 1.32 
molecules of phenol, 2.14 of hydrogen peroxide and no diphenyl. 
These observations were made on saturated solutions of benzene 
with a dose rate of ~700 r/min, and the final product concentra- 
tion was not greater than 20 uM, so that oxygen depletion does 
not occur. No post-irradiation reactions were observed.® 

In the absence of air, dipheny] is a principle product (see Table 
I). Our yields of phenol and peroxide in acid solution are in agree- 


TABLE I. Except where otherwise stated irradiations were of air-free 
saturated neutral solutions of benzene (~2 X10-2M) at a dose-rate ~700r/ 
min. The total dose never exceeded 2 X10?! ev/liter. Yields are based on 
15.6 molecules Fe**/100 ev for the Fricke dosimeter. 











Conditions Gpene Gpnon Gu02 Phe 
0.8 NH2SO.4 0.44 0.30 0.51 59 
0.1 NH2SO,4> 0.47 0.29 0.64 62 
Neutral¢ 0.50 0.27 0.25 65 
0.1 N NaOH¢4 0.38 0.29 0.34 57 
Benzene conc. =4 X10-3M4 0.49 0.27 0.18 64 
Dose-rate ~65 r/mine 0.49 0.31 —_— 61 
5.10-4 Fe3*+ in 0.1 N HeSO* 0.79 0.80 Gre?t =2.78 50 
5 X10-4 Fe3+ +2 K10-3 Cu2* f 0.09 2.79 Gre?t =5.5 3 


in 0.1 N H2SO, 








a, b, c, d.e The averages of 2, 15, 10, 4, and 5 experiments respectively. 
f The same yields are given by 10-3 and 5 X10~4 Cu?*. 


ment with those of Sworski® although they differ in neutral solu- 
tion. Benzene concentration has no effect on the yields of the 
organic products. 

From previous work*-*:7 it seems likely that in the absence of 
oxygen the following reactions are involved: 


H.0 > H+HO 
PhH+HO — Ph+H:0 
Ph+HO — PhOH 
Ph+Ph > Ph, 
Ph+H — PhH 
H+H > H; 


Analysis of this reactions scheme shows that the product com- 
position i.e., percent of diphenyl, should vary with the rate of 
radical production (i.e., dose-rate). No such variation is observed. 
This could be explained if the primary radicals and the subsequent 
reactions occur in independent localized regions. The composition 
of the products might then be dependent on the initial radical 
concentration in a region, but not on the dose-rate. 

On the other hand the above reaction scheme may not apply. 
However, for the oxidation of benzene by another source of HO, 
viz: 


(1) 


hy 


FeOH?+ — Fe?++HO. 
These reactions (omitting those of H) together with: 
Ph+Fe*++H,0 — Fe?*+PhOH+Fe?*+ (2) 


account quantitatively for the product composition and for its 
dependence on light intensity’ (cf. dose-rate). Reaction (2) ex- 
plains why in this system the percent of phenol and amount of 
Fe?+ in the products increase with increasing (Fe**). Furthermore, 
Cu?+ is more effective than Fe*+ and presumably reacts analo- 
gously to give Cu* which is rapidly oxidized by Fe**. 

We find that Fe*+ and Cu®* behave similarly in the oxidation 
by x-rays. The yields at the higher concentrations represent 
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limiting values in that no change is produced by increasing Fe'+ 
and Cu?* further, i.e., almost all the pheny] radicals are removed 
by reaction (2). 

In the absence of added Fe** or Cu?*+, Gpna(=2Gpn,+Gpnon) 
falls below that expected from the amount of HO produced, viz,, 
1.48 compared with 2.86.8 This suggests that reaction (1) occurs, 
The increase of Gpnu with (Fe**) supports this. Part of this in- 
crease is due to the Fe**+H2O: reaction, but the bulk probably 
arises as a result of reaction (2) eliminating reaction (1). The 
ultimate value at high Fe** and Cu?*, Gpno=3.0, is more jn 
keeping with Guo. 

However, Gre?* is too great to be accounted for by reaction (2) 
alone since then Gre?+ must be < Gpnon. Reduction of Fe** and/or 
Cu*+ by H would explain this, and measurements of Gu, should 
prove informative. Assuming this we have at high (Fe**) and 
(Cu?*), 


Gpna=2Gpn,+Grnon= Guot Gu,o, 
Gre?*= Gut+Gou 
Our data give Guo=2.4 and Gg=3.1 in 0.1 N H2SO,. 


1J. H. Baxendale and J. Magee, Disc. Faraday Soc. 14, 160 (1953). 
2C. J. Hochanadel, J. Phys. Chem. 56, 588 (1952). 

3G. Stein and J. Weiss, J. Chem. Soc. 3245 (1949). 

4T. J. Sworski, J. Chem. Phys. 20, 1817 (1952). 

5 J. Wright, Disc. Faraday Soc. 12, 114 (1952). 

6 T. J. Sworski, Radiation Research 1, 231 (1954). 

7 J. H. Baxendale and J. Magee, Trans. Faraday Soc. (to be published). 
8 A. O. Allen, Radiation Research 1, 88 (1954). 





Viscosity Anomaly of Supercooled Liquids 
GERALD W. SEARS 


General Electric Research Laboratory, Schenectady, New York 
(Received December 13, 1954) 


T has been reported recently! that liquids show singularities 
in their viscous behavior when supercooled below their thermo- 
dynamic melting points. Logarithmic plots of viscosity versus 
reciprocal absolute temperature show discontinuities in slope at 
the melting temperatures. The vapor pressures, surface tensions, 
and densities do not show similar anomalies. 

The viscosity anomaly might be ascribed to a discontinuity in 
the heat of activation for viscous flow. If such was the explanation 
of the singularity in viscous behavior, the vapor pressure and 
surface tension should show similar anomalies. That they do not 
seems sufficient reason to seek another explanation. 

It is well known that the dispersion of solid particles in a liquid 
increases its viscosity. On this basis Andrade® has unsuccessfully 
sought an explanation for the viscosity anomaly in the existence 
of a steady-state population of subnuclei of solid particles. The 
volume fraction of subnuclei necessary to give the observed vis- 
cosity anomaly would cause an easily measurable singularity in 
density. 

However, it is possible to obtain the observed viscosity anomaly 
within the density limitation. It is postulated that thermody- 
namically stable rods of the solid phase exist in the supercooled 
liquid, unable to grow further from kinetic reasons. 

Sears‘-* has shown that crystals, bearing a single screw dis- 
location, and growing from the vapor at supersaturations insufl 
cient to cause two-dimensional nucleation will grow as rods or 
whiskers at constant cross section. Newkirk and Sears? have ob- 
served the same behavior in the growth of potassium-halide 
crystals from solution. 

If it is postulated that a critical amount of supercooling 1s 
necessary for a solid surface to grow into its own melt by two 
dimensional nucleation, it follows that growth would only occut 
at small supercoolings by the screw dislocation mechanism. This 
behavior has only been observed for PbI2 crystals.® Crystals of 
the solid phase nucleating heterogeneously on colloidal particles 
could only grow at low supercoolings if they carried a screw dis- 
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location inherited from the parent particle. Thus some of the 
heterogeneously nucleated crystals would grow as rods at con- 
stant cross section until reaching a bounding surface of the liquid; 
the remainder would not grow. 

Measurements have been made’ on the viscosity of dispersions 
of silk, glass, and rayon fibers as a function of the ratio of length 
to diameter, ». The results may be described for large and dilute 
solutions by 


An 
No 


=o (1) 


where An is the increase in viscosity, mo is the viscosity of pure 
solvent and ¢ is the volume fraction of dispersed phase. 

It is assumed that there are 10° colloidal particles/cm* and 
that 10 percent of these carry a screw dislocation. This gives 
10° particles upon which rods of the solid phase may grow. For an 
order of magnitude calculation assume an average diameter 1u 
and a length 1 mm. 

If a rod of square cross section is assumed, it may be written that 


= N pd, (2) 


where d is the thickness and N is the number of rods/cm’. Intro- 
ducing the numerical values of the preceding paragraph, a vis- 
cosity increase of 10 percent is calculated. The corresponding 
density change is one part in 10° which is below detection. This 
viscosity change is of the order of magnitude of the observed 
anomaly. 

This rationalization of the viscosity singularity is subject to a 
critical experiment. A liquid, which has been freed of colloidal 
particles, should show no viscosity anomaly. 


1C, Dodd and H. P. Mi, Proc. Phys. Soc. (London) 62B, 454 (1949). 

Py 8 Greenwood and R. L. Martin, Proc. Roy. Soc. (London) 215A, 
) 

3E. N. Andrade, Proc. Roy. Soc. Sante 215A, 36 (1952). 

4G. W. Sears, Acta Met. 1, 457 (1953). 

nen Sears, “A Growth Mechanism for Mercury Whiskers” 
published). 

6G. W. Sears, “‘A Mechanism of Whisker Growth II"’ (to be published). 

7J. B. Newkirk and G. W. Sears, ‘‘Growth of Potassium Halide Crystals 
from Aqueous Solution”’ (to be published). 

8G. W. Sears, ‘Screw Dislocations in Growth from the Melt” 
published). 

*Eirich, Bunzl, and Margaretha, Kolloid-Z. 75, 20 (1936). 
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Mechanism of the Catalytic Activation of 
Molecular Hydrogen by Metal Ions 


J. HALPERN AND E, PETERS 


Department of Mining and Metallurgy, University of British Columbia, 
Vancouver, Canada 


(Received January 11, 1955) 


ARLIER* we have shown that cupric acetate in aqueous 

solution activates dissolved molecular hydrogen as evi- 
(enced by its ability to act as a homogeneous catalyst for the 
hydrogenation of Cr2O0;- to Crt*++. Kinetically® this reaction is 
represented by: 





—d(H —3d[Cr.07- 
A 2]_ [ T2U07 J_ pre TLCu(OAc)e] (1) 
dt dt 
where 
—24 =) , 
~ 10" exp| —_—— _} 1. ae ct, 
k=10 exp( RT 1. mole min (2) 


Subsequent work in this laboratory has demonstrated that: 


1. The effect is not specific to the reduction of Cr:0;>. Other 
oxidants such as Ce++++ and IO;- can also be reduced homo- 
seneously by Hz in the presence of Cu(OAc)s, the latter apparently 
acting as a true catalyst. All these reactions are kinetically identi- 
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cal indicating that they proceed by the same mechanism, the rate 
controlling step involving Cu(OAc)2 and Hz: only.*+ 

2. This catalytic property is common to other cupric salts in- 
cluding cupric perchlorate which is believed to dissociate com- 
pletely in aqueous solution. However, at 100°C the catalytic 
activity of cupric perchlorate (i.e., of the hydrated simple cupric 
ion), is about 120 times lower (and the activation energy of the 
catalyzed reaction is correspondingly higher by about 3 kcal/mole) 
than that of the undissociated cupric acetate and similar 
complexes. 

3. The catalytic activity is specific to the salts of certain metals. 
Of the other common divalent metal ions, only Hg+* was found 
to possess similar activity. Salts of Mg**+, Cat*+, Mn**, Cott, 
Nit*, Zn++, Cd**, and Pbt* were shown to be without measur- 
able effect up to 150°C.° 

4. In each case the kinetic results [of the same form as Eq. (1)] 
suggest that the rate controlling step involves the formation of a 
complex between a hydrogen molecule and a metal ion or mono- 
meric metal complex, 7.e., 


M+++H; — (M-H:)**. (3) 


The hydrogen apparently becomes activated in this step so that 
it can react rapidly with reducible ions in the solution. 


To explain these results we are led to postulate that the mecha- 
nism of activation involves, essentially, the transfer of an electron 
from the hydrogen molecule to the metal ion. The complex formed 
in the rate determining step [Eq. (3)] may thus be depicted as 
(M+---H.*). Further stabilization of this complex may derive 
from exchange forces and from solvation. The following evidence 
may be cited in favor of this interpretation. 


1. The catalytically active divalent ions, Cut+ and Hg**, are 
both characterized by very high electron affinities which would 
favor such a transfer. 

2. Other electron transfer reactions of these ions are also no- 
tably fast as evidenced by studies of the isotopic electron exchange 
between Hgt and Hg**® and of the catalytic influence of Cut* in 
various oxidation reactions.’'* 

3. The promoting influence of acetate on the catalytic activa- 
tion of hydrogen by Cut+ and Hgt* parallels the well-known 
general-catalytic influence of complexing negative ions such as 
OH- and Cl in the Fet+—Fe*** and other isotopic electron 
exchange reactions.’ This has been attributed to their bridging 
action or effectiveness in lowering the electrostatic repulsion which 
constitutes a barrier to the mutual approach of the two exchanging 
ions.!011 


Eyring and Smith” have pointed out that the fusion of more 
than one saturated molecule into an activated complex normally 
involves electron promotion; hence a lowering of the activation 
energy is to be expected when the activated complex is coordinated 
with a suitable electron acceptor. The mechanism proposed here, 
which attributes the catalytic activation of hydrogen to the elec- 
tron accepting properties of the metal ion catalysts, reflects the 
same principle. An extension of this mechanism, along the lines 
originally proposed by Dowden,'** would also appear to account 
for the ordinary heterogeneous catalytic activity of metals such 
as nickel, in hydrogenation reactions. 

Support of this work through a grant from the National Re- 
search Council of Canada is gratefully acknowledged. 
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Problem of Molecular Association in Liquid 
Boron Trifluoride 


T. H. S. Hicetns anp C, J. G. Raw 


Department of Chemistry and Chemical Technology, University of Natal, 
Pietermaritzburg, South Africa 


(Received December 20, 1954) 


HERE are some differences of opinion expressed in the 
literature with regard to the ability of the boron trifluoride 
molecule to associate. Boron trifluoride, as a gas, is almost 
certainly monomeric, although Rumold? has suggested that the 
gas may be associated to the extent of 3.1 percent at —88°C. 
The Lennard-Jones (12,6) model for the intermolecular potential 
energy has however proved quite adequate in describing molecular 
collisions in this gas.* This points to nonassociation of the boron- 
trifluoride vapor. 

In the liquid state, however, the evidence from different sources 
is more conflicting. Eistert* claims that boron trifluoride cannot 
dimerise owing to the very small volume of the boron atom. The 
Trouton constant of boron trifluoride has a mean value! of 25.5, 
which may be compared with those of water (26.0) and ethyl 
alcohol (26.9), both of which are associated liquids. Normal 
liquids have a Trouton constant of approximately 21. Recent 
preliminary experiments® on the viscosity of boron trifluoride 
show that the plot of logy against 1/T (n=viscosity coefficient; 
T=absolute temperature) is not linear as it is for normal liquids. 
However, a difference in the shape of this curve as compared with 
that of a typical associated liquid has been observed. It had previ- 
ously been noted! that near —50°C and at a vapor pressure of 
13.8 atmospheres, liquid boron trifluoride becomes very viscous, 
a fact which seems to point to association in the liquid. Although 
these viscosity results would be difficult to explain in any other 
way, they do not provide conclusive evidence for association in 
liquid boron trifluoride. 

Booth and Willson® have accounted for the apparent formation 


of argon-boron trifluoride coordination complexes on the assump- 
tion that boron trifluoride polymerizes. Their work, however, has 
recently been challenged,’ and it is now thought that boron tri- 
fluoride does not react with argon. 

Cooke and Mackenzie® have found that Boron trifluoride and 
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boron trichloride are not completely miscible at all temperatures 
at which both are liquid. As the two compounds are of a similar 
chemical type, this seems to point to the fact that either one or 
both of the liquids is associated. The literature lacks any account 
of association in boron trichloride. In view of the fact that boron 
trifluoride and boron trichloride react (although the extent of this 
reaction is unknown) this evidence for association is not com- 
pletely convincing. 

With a view to making some decision on the association of 
liquid boron trifluoride, the authors calculated the Ramsay- 
Shields constant, assuming it to be a normal liquid, from density 
and surface tension data quoted by Booth and Martin.’ For 
normal liquids this constant is 2.12, and for associated liquids it is 
less than 2.12. For liquid boron trifluoride, the Ramsay-Shields 
constant is 2.546 at the boiling point. This provides some evidence 
that boron trifluoride does not associate, since normal liquids 
can be “defined” by the value of the Ramsey-Shields constant. 
It has, however, been pointed out” that this method strictly gives 
information only about the state of the surface of the liquid, 
which may be different from the bulk of the liquid. 

Properties (such as the Trouton constant and the viscosity of 
the liquid) related to the forces between the molecules in the bulk 
of the liquid seem to indicate an appreciable degree of association, 
whereas the properties of the surface of liquid boron trifluoride 
point to nonassociation. 

It appears from this discussion that no final conclusions can be 
made at the moment as regards the association or nonassociation 
of boron trifluoride in the liquid state. The apparent contradiction 
afforded by different experimental results as summarized here 
may be due to the lack of a rigorous and all-embracing theory of 
association in liquids. 
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